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The main objectives of this study were to investigate the applicability of chitosan 
as an effective wood preservative against subterranean termites, conduct metagenomic 
analysis of the bacterial hindgut community of Reticulitermes flavipes exposed to 
chitosan-treated wood, and perform chitosanase activity assay of metagenomics 
suggested bacterial species potentially responsible for chitosan breakdown. 
Chitosan showed termiticidal effects on subterranean termites at varying retention 
levels. Termite mortality increased when exposed to samples treated with higher chitosan 
concentration solutions. Approximately 40 - 100% of chitosan retained in treated-wood 
was leached depending on the initial retention. Post-leaching results indicate chitosan is 
not suitable for protection against both subterranean termites in outdoor conditions, but 
should be effective in non-leaching/indoor applications. 
For metagenomic analysis of the bacterial hindgut community of Reticulitermes 
flavipes, two methods were used for sequence data interpretation. The Illumina 
BaseSpace program identified twenty-six bacteria phyla with significant differences in 
abundance between the chitosan-treated and control groups. The second method, mothur, 
 
 
identified fifteen bacterial phyla also with significant differences in abundance between 
both treatment groups. Similar bacterial taxa were uniquely assigned to samples from 
termites fed on chitosan-treated wood using both methods. These results suggest a 
treatment driven effect on the hindgut bacteria diversity. While majority of the bacterial 
taxa were common to both methods, inconsistencies detected using the BaseSpace 
program suggests that the Greengenes database in its present state is not reliable for 16S 
rRNA gene sequence analysis. 
As for chitosanase activity of bacterial species with significance abundance from 
chitosan-treated wood exposed termites, three bacteria species, Lactococcus raffinolactis, 
Lactococcus lactis, and Dysgonomonas gadei, were examined. After culturing on 
chitosan media plates and broth, no conclusive activity could be detected from all three 
species. 
Further studies need to be conducted to understand mechanism of chitosan 
toxicity to termites and insects in general and to prevent chitosan leaching from treated 
wood. A comparative metatransciptomic study needs to be implemented to supplement 
the metagenomic study performed herein, so as to elucidate the exact bacteria species 
involved in chitosan breakdown and the enzymes produced. Also, other bacterial species 
suggested by the metagenomic data to possess chitosanase activity should be 
investigated. 
 




ِْسِب حَّرِلبِهّللا  ِْ ِبِهّللا   ِِْمِسبرل
ُهرِحْلرب َببِْهّللر ِبّللار بعل ْحلا ِر  ِْه
ِْسِب حَِّلبِهّللا  ِْ  ِهّللا 
ِسبِهَلْلِب ْْ ْر َُّهِِلب  حر
ّلِلْلاب ْمنر ببر ُلر  ْ بْيِ ِالا ّلْل ْ ُلببر  يِ
َِْسرب بِهحامنر ِِّر ّللار َ ََََُّّّّبِه  ِ ِلبر
ُهَْلرب يربِها  ْر ِعْسب تْر ِْبب ر ا ِ ّْللِابِهحر ِعْسبار تْر ب ر حلر بْربّللر بِه ِ ْلر ِِّر ّللار َِ  
 
In the name of ALLAH, The Infinitely Compassionate and Merciful 
Praise be to ALLAH, Lord of all the worlds, The Compassionate, The Merciful 
Ruler on the Day of Reckoning 
You alone do we worship, and You alone do we ask for help 
Guide us on the straight path, the path of those who have received your grace; not the 





Though extremely difficult to put in words, I would like to express my utmost 
gratitude to my advisor and mentor, Dr. Dragica Jeremic, not only for taking a chance on 
me and allowing me to be a part of her group, but always pushing me to become a better 
investigator, critical thinker and an independent individual. Dr. Jeremic provided me with 
all forms of supports that allowed me to be a successful research assistant at Mississippi 
State University. I am forever indebted to her and hopefully I make her proud in my 
future endeavors. I would also like to thank Dr. Juliet D. Tang, who was always willing 
to impress upon me the values of a good scientist. I appreciate all the hours we spent 
improving my writing style, experimental designs and so forth. I would like to thank Dr. 
Peterson for initializing this project with Dr. Jeremic, and his collaboration was crucial to 
the realization of this project. I would like to express my sincere gratitude to Dr. H. 
Michael Barnes for helping me become an improved orator and presenter. Through his 
lessons, I am able to give clear and concise presentations on technical and non-technical 
topics. My appreciation is also due to Dr. Andy Perkins, who was my professor for 
multiple Biocomputing courses and also provided me guidance for my sequence data 
analysis. To Dr. Rubin Shmulsky, I am thankful for being able to fill the role of my 
advisor when needed and for providing me with good criticisms on my writing style. 
I am grateful for all my colleagues who aided me throughout the course of my 
study. I am thankful for Ms. Telmah Telmadarrehei, who was always there for the highs 
 
iv 
and lows of research and willing to give me advice at any moment. Mr. Ismail Khan, who 
was there to help me whenever I needed, Dr. Lakshmi Narayanan, who was always there 
to lend a hand and give my advice about my experimental methods. To my other 
colleagues, Ms. Laya Khademibami, Ms. Nasim Maafi, Ms. Isal Kalami, Mr. Xuefeng 
Zhang, Ms. Lili Cai, I am thankful for all that you did and your moral support. 
None of these would be possible without Mississippi State University and 
Department of Sustainable Bioproducts (SBP). I sincerely appreciate all the staff and 
faculty at (SBP), for their assistance and encouragement. Thanks to all. 
Last but not least, I would like to thank God for my family, my friends, Ibrahim 
Abdoulahi, Naseer Kutchy, Ismail Khan, Molly Rafaely and numerous others, for their 
constant support, encouragement and help. This achievement is theirs to celebrate. 
 
v 
TABLE OF CONTENTS 
DEDICATION .................................................................................................................... ii 
ACKNOWLEDGEMENTS ............................................................................................... iii 
LIST OF TABLES ........................................................................................................... viii 
LIST OF FIGURES ........................................................................................................... ix 
CHAPTER .......................................................................................................................... 1 
I. INTRODUCTION .................................................................................................1 
1.1 Wood .........................................................................................................1 
1.1.1 Southern pine sapwood ........................................................................1 
1.2 Chitosan .....................................................................................................2 
1.2.1 Chitosan properties ..............................................................................2 
1.2.2 Antimicrobial and insecticidal properties ............................................3 
1.3 Termites .....................................................................................................4 
1.3.1 Reticulitermes flavipes ........................................................................4 
1.3.2 Life cycle and behavior .......................................................................5 
1.3.3 Economic impact .................................................................................5 
1.4 Study objectives .........................................................................................6 
1.5 References .................................................................................................8 
II. TERMITICIDAL ACTIVITY OF CHITOSAN TO SUBTERRANEAN 
TERMITES, RETICULITERMES FLAVIPES AND RETICULITERMES 
VIRGINICUS .......................................................................................................11 
2.1 Abstract ....................................................................................................11 
2.2 Introduction .............................................................................................12 
2.3 Materials and methods .............................................................................14 
2.3.1 Termites .............................................................................................14 
2.3.2 Chitosan solution preparation and wood treatment ...........................15 
2.3.3 Termite no-choice exposure laboratory bioassay ..............................16 
2.3.4 Leaching test ......................................................................................18 
2.3.5 Statistical analysis .............................................................................19 
2.4 Results .....................................................................................................19 
2.4.1 Species identification of subterranean termites .................................19 
 
vi 
2.4.2 Viscosity of chitosan solutions and retention of chitosan in 
treated wood samples ........................................................................19 
2.4.3 Leachability of chitosan from different chitosan-treated wood 
samples ..............................................................................................21 
2.4.4 Percent mass loss of wood samples as affected by different 
chitosan treatments ............................................................................21 
2.4.5 Termite mortality as affected by different chitosan treatments .........23 
2.5 Discussion ................................................................................................25 
2.6 Conclusions .............................................................................................29 
2.7 References ...............................................................................................29 
III. DIVERSITY OF HINDGUT BACTERIAL POPULATION IN 
SUBTERRANEAN TERMITE, RETICULITERMES FLAVIPES .....................33 
3.1 Abstract ....................................................................................................33 
3.2 Introduction .............................................................................................33 
3.3 Materials and methods .............................................................................34 
3.3.1 Materials ............................................................................................34 
3.3.2 Termite dissection .............................................................................35 
3.3.3 Genomic DNA isolation ....................................................................35 
3.3.4 16S rRNA gene amplification, gel electrophoresis and 
sequencing .........................................................................................35 
3.3.5 Sequence Analysis .............................................................................36 
3.4 Results and discussion .............................................................................37 
3.4.1 Genetic material isolation using MasterPure™ kit and 
CTAB/Chloroform-Isoamyl Alcohol method ...................................37 
3.4.2 PCR amplification of genomic DNA using 16S and termite-
specific (TS) amplicon primers .........................................................38 
3.4.3 Analysis of recombinant plasmid DNA sequences ...........................39 
3.5 Conclusions .............................................................................................42 
3.6 References ...............................................................................................42 
IV. METAGENOMIC ANALYSIS OF GUT BACTERIAL COMMUNITY 
OF SUBTERRANEAN TERMITES EXPOSED TO CHITOSAN-
TREATED WOOD .............................................................................................44 
4.1 Abstract ....................................................................................................44 
4.2 Introduction .............................................................................................45 
4.3 Materials and Methods ............................................................................50 
4.3.1 Termites’ collection and species confirmation ..................................50 
4.3.2 Chitosan solution preparation, wood treatment and termite 
exposure .............................................................................................51 
4.3.3 Termite dissection and DNA isolation ..............................................54 
4.3.4 Library preparation and sequencing ..................................................55 
4.3.5 Sequence analysis and taxonomic classification ...............................57 
4.4 Results .....................................................................................................59 
 
vii 
4.4.1 Species identification of subterranean termites .................................59 
4.4.2 Analysis of termites gut microbial diversity via Illumina 
BaseSpace ..........................................................................................60 
4.4.3 Analysis of termite gut microbial diversity via mothur .....................65 
4.5 Discussion ................................................................................................74 
4.6 Conclusions .............................................................................................79 
4.7 References ...............................................................................................80 
V. ANALYSIS OF CHITOSANASE ACTIVITY IN LACTOCOCCUS 
LACTIS, LACTOCOCCUS RAFFINOLACTIS, AND DYSGONOMONAS 
GADEI .................................................................................................................88 
5.1 Abstract ....................................................................................................88 
5.2 Introduction .............................................................................................88 
5.3 Materials and Methods ............................................................................90 
5.3.1 Bacterial strains and culture media ....................................................90 
5.3.2 Colloidal chitosan preparation ...........................................................90 
5.3.3 Culture conditions .............................................................................91 
5.3.4 Induction of chitosanase production ..................................................91 
5.3.5 Zymogram, and chitosanase activity assay .......................................92 
5.4 Results and discussion .............................................................................93 
5.4.1 Bacteria culture OD measurements ...................................................93 
5.4.2 Screening of bacteria against chitosan agar media ............................94 
5.4.3 Zymogram analysis ...........................................................................95 
5.4.4 Chitosanase activity assay .................................................................95 
5.5 Conclusions .............................................................................................96 
5.6 References ...............................................................................................97 
APPENDIX ..................................................................................................................... 100 
A. IMAGES FROM TERMITE BIOASSAY ........................................................100 
B. TERMITE BIOASSAY DATA .........................................................................102 
C. DATA FROM GENOMIC DNA ISOLATION ................................................107 
D. DATA FROM 16S LIBRARY PREPARATION .............................................109 
E. DATA FROM 16S SEQUENCING ..................................................................113 




LIST OF TABLES 
 2.1 Shear stress and viscosity of prepared chitosan solutions ..............................15 
 4.1 Weather history for period of wood samples exposure (6/15/2015 – 
9/11/2015).......................................................................................................53 
 4.2 Taxonomic classification and abundance of bacteria species found 
exclusively within CTW group (n = 648).......................................................63 
 4.3 Species richness and diversity calculations for bacterial OTUs 
observed in the gut of R. flavipes. ..................................................................66 
 4.4 Species richness and diversity calculations for bacterial OTUs 
observed by sample group. .............................................................................67 
 4.5 Taxonomic classification and size of OTUs found exclusively within 
CTW group (n = 344) .....................................................................................71 
 5.1 Cells optical density (OD) of bacterial cultures measured at 600 nm ............94 
 5.2 Absorbance of reducing sugars measured at 540 nm for bacterial 
cultures ...........................................................................................................96 
 B.1 Treatment retention, percent mass loss and termite mortality from R. 
flavipes experiment .......................................................................................103 
 B.2 Treatment retention, percent mass loss and termite mortality from R. 
virginicus experiment ...................................................................................105 
 C.1 Concentration and quality of isolated genomic DNA, as determined 
by NanoDrop™ ............................................................................................108 
 D.1 Qubit measured concentration and BioAnalyzer fragment size 
estimates of indexed libraries .......................................................................111 
 E.1 Abundance of bacteria species found exclusively within certain 
treatment groups ...........................................................................................126 
 E.2 Taxonomic classification and Size of OTUs found exclusively within 




LIST OF FIGURES 
 2.1 Chitosan retention (filled triangle - post treatment, clear triangle - post 
leaching) of wood samples treated with different concentrations of 
chitosan (bars denote standard error, n= 5). Markers with different 
letters are significantly different (p < 0.05); uppercase for retentions 
after treatment, lowercase for retentions after leaching. ................................21 
 2.2 Percent mass loss of wood samples as affected by chitosan treatments 
and termite exposure (bars denote standard error, n= 5). Bars with 
different letters are significantly different (p < 0.05); uppercase letters 
for the R. flavipes experiment, lowercase letters for the R. virginicus 
experiment ......................................................................................................23 
 2.3 Termite mortality in chitosan and control treatments (bars denote 
standard error; n = 5). Bars with different letters are significantly 
different (p < 0.05); uppercase letters for the R. flavipes experiment, 
lowercase letters for the R. virginicus experiment .........................................24 
 3.1 Genomic DNA isolated with MasterPure™ DNA purification kit (A, 
D) and CTAB/Chloroform-Isoamyl Alcohol (B, C). L, DNA size 
ladder ..............................................................................................................38 
 3.2 PCR amplification of termite head (H) and gut (G) isolated DNA 
using bacterial-specific (16S) and termite-specific (TS) amplicon 
primers.  L- denotes DNA size ladder. ...........................................................39 
 3.3 Distribution of bacterial phyla within hindgut of R. flavipes .........................40 
 3.4 Diversity within each observed bacterial phylum of R. flavipes ....................40 
 3.5 Comparison of previously reported hindgut bacteria in subterranean 
termites ...........................................................................................................41 
 4.1 Comparison of previously reported hindgut bacteria phyla in 
subterranean termites ......................................................................................49 
 4.2 Assembled termite jar with treated wood sample and cleaned termites .........54 
 
x 
 4.3 BaseSpace 16S Metagenomics App Workflow (Illumina, Part 
#15044223 Rev. B) .........................................................................................59 
 4.4 Representative termite soldier of colony used (Picture by T. 
Telmadarrehei) ...............................................................................................60 
 4.5 Observed diversity of the bacterial community in R. flavipes gut using 
Illumina BaseSpace software .........................................................................61 
 4.6 Venn diagram of bacterial species (n=967) shared among different 
sample groups .................................................................................................62 
 4.7 PCA scores and loadings of sequence data (species level) ............................64 
 4.8 Observed diversity of the bacterial phyla sequencing reads in R. 
flavipes gut by treatment group; Averages represented with Standard 
error bars (n= 5). Phylum with g above bars are significantly different 
(p = 0.05) between treatment groups ..............................................................65 
 4.9 Rarefaction curves of bacteria OTUs obtained per sample group from 
the gut of R. flavipes at 0.03 distance level. ...................................................67 
 4.10 Observed diversity of the bacterial OTUs in R. flavipes gut using 
mothur.............................................................................................................68 
 4.11 Diversity of observed bacterial phyla by number of families and 
genera represented..........................................................................................69 
 4.12 Venn diagram of shared bacterial OTUs consisting of at least 2 
sequence reads (n=667) among different treatments ......................................70 
 4.13 Heatmap displaying relative abundances of the 50 most represented 
OTUs among treatment groups and the correlation of treatment 
groups. Red indicates more similarity and green indicates more 
differences ......................................................................................................72 
 4.14 Observed diversity of the bacterial phyla OTUs in R. flavipes gut by 
sample group; Averages represented with standard error bars (n= 5). 
Phylum with g above bars are significantly different (p = 0.05) 
between treatment groups ...............................................................................73 
 5.1 Clear zones visible on S. marcescens .............................................................94 
 5.2 Chitosan zymogram analysis of supernatant from bacteria cultures. 
Lane M: Molecular weight marker. Lane 1: culture supernatant of L. 
lactis. Lane 2: culture supernatant of L. raffinolactis. Lane 3 and 4: 
culture supernatant of S. marcescens..............................................................95 
 
xi 
 A.1 Assay jars containing chitosan-treated wood samples; 1 = 1% 
chitosan-treated wood, 2 = 2% chitosan-treated wood, 3 = 3% 
chitosan-treated wood, 4 = 4% chitosan-treated wood, and 5 = 5% 
chitosan-treated wood. ..................................................................................101 
 D.1 Molecular size estimation of 80 R.flavipes gut PCR-amplified 16S 
rRNA gene ....................................................................................................110 
 E.1 Observed bacteria phyla diversity of water-treated wood exposed 
termites,  using Illumina BaseSpace software ..............................................114 
 E.2 Observed bacteria phyla diversity of chitosan-treated wood exposed 
termites, using Illumina BaseSpace software ...............................................115 
 E.3 Observed bacteria phyla diversity of termites fed on water-treated, 
environmental exposed wood, using Illumina BaseSpace software .............116 
 E.4 Observed bacteria phyla diversity of termites fed on chitosan-treated, 
environmental exposed wood, using Illumina BaseSpace software .............117 
 E.5 Observed bacteria genera diversity of water-treated wood exposed 
termites, using Illumina BaseSpace software ...............................................118 
 E.6 Observed bacteria genera diversity of chitosan-treated wood exposed 
termites, using Illumina BaseSpace software ...............................................119 
 E.7 Observed bacteria genera diversity of termites fed on water-treated, 
environmental exposed wood, using Illumina BaseSpace software .............120 
 E.8 Observed bacteria genera diversity of termites fed on chitosan-treated, 
environmental exposed wood, using Illumina BaseSpace software .............121 
 E.9 Observed bacteria species diversity of water-treated wood exposed 
termites, using Illumina BaseSpace software ...............................................122 
 E.10 Observed bacteria species diversity of chitosan-treated wood exposed 
termites, using Illumina BaseSpace software ...............................................123 
 E.11 Observed bacteria species diversity of termites fed on water-treated, 
environmental exposed wood, using Illumina BaseSpace software .............124 
 E.12 Observed bacteria species diversity of termites fed on chitosan-
treated, environmental exposed wood, using Illumina BaseSpace 
software ........................................................................................................125 









Wood is the only major bio-degradable and bio-renewable construction material 
known and it is also an important factor in carbon sequestration from the environment. 
Current methods of wood preservation typically include use of heavy metals (e.g. copper) 
for effective protection from fungi or insects, thereby increasing the lifespan of the wood1 
however, they have also been shown to be environmentally unsafe, particularly for 
aquatic ecosystems2. The toxicity of heavy metals has led to increased regulations for 
their usage in wood preservation by the Environmental Protection Agency 3. Therefore, 
developments of new wood protection methods that are both effective and 
environmentally friendly are needed.  
 Southern pine sapwood 1.1.1
Southern Pine is a collective name that covers ten species of pine:  longleaf, 
loblolly, slash, shortleaf, spruce, Virginia, pond, pitch, sand, and table mountain pines. 
Southern Pine represents the least expensive and most commonly used building material. 
It is used in the treated wood market as structural timber, structural grade plywood, 
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building construction, millwork, decking, boat building, and applications requiring 
hardness and good wearing qualities. 
 Chitosan 1.2
One alternative to copper treatment that proves to have potential in the successful 
preservation of wood is chitosan4. Chitosan is derived from chitin, which is the major 
component in shells of shrimp and other sea crustaceans5. It is a linear polysaccharide 
made up of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. Chitosan is 
biosynthesized in amounts that is just below the amount of cellulose6. Several studies 
have shown the effectiveness of chitosan in preventing the proliferation of wood 
decaying fungi7-9, but there is a lack of information on the effects of chitosan on termites. 
 Chitosan properties 1.2.1
Chitosan is made from a polysaccharide, chitin, which is a building material of 
shells of sea organisms such as crabs, shrimps, and lobsters and is produced by 
deacetylation of chitin in excess of alkali sodium hydroxide. It is used in agriculture and 
horticulture as a form of bio-pesticide and has already showed promise in various studies 
of wood protection against fungi7. Chitosan has also been shown to improve the 
mechanical and physical properties of engineered wood10. For the purpose of this study, 
the biocidal capabilities of chitosan in treated wood will be evaluated, as the 
antimicrobial mechanism of chitosan is not yet fully understood. Currently there are 
several proposed models to explain the antimicrobial action of chitosan. Two proposed 
mechanisms include disruption of the plasma membrane of organisms by altering 
membrane permeability and chelation of metals crucial to the stability of the cell wall of 
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organisms. Several studies have revealed that the degree of deacetylation of chitin and the 
molecular weight of the produced chitosan has a significant effect on the antimicrobial 
activity11-14.  
Chitosan with varying molecular weights has different antimicrobial properties. 
High molecular weight chitosan (> 100 kDa) has been shown to have a significantly 
lower antimicrobial activity than that of low molecular chitosan (1 kDa) 11. Low 
molecular weight chitosan has also been shown to increase larval mortality and growth 
inhibition in S. littoralis (cotton leafworm)12. 
 Antimicrobial and insecticidal properties 1.2.2
Chitosan is used in agriculture and horticulture as a bio-pesticide and has a higher 
anti-fungal effect when compared to chitin15. Chitosan has been shown to inhibit the 
growth of several plant and human pathogenic fungi16. Other studies have also shown that 
chitosan has an influence on the activity of brown rot fungus on post-harvest fruits17. 
Effects of chitosan on insects have been investigated and results indicative of an 
insecticidal property are reported12, 18, 19. Biocidal activities of chitosan against the cotton 
leafworm, Spodoptera littoralis (Boisduval), was examined by Rabea et al.25, corn 
earworm, Helicoverpa armigera (Hübner), bird cherry-oat aphid, Rhopalosiphum padi 
(Linnaeus),  English grain aphid, Sitobion avenae (Fabricius), rose-grain aphid, 
Metopolophium dirhodum (Walker), green peach aphid, Myzus persicae (Sulzer), melon 
aphid, Aphis gossypii (Glover), mealy plum aphid, Hyalopterus prun (Geoffroy), and 




Termites caused an estimated 32 billion dollars worth of damage to construction 
wood worldwide in 201020. The Eastern subterranean termite, Reticulitermes flavipes, is 
the most common termite species in the state of Mississippi and North America, and it is 
widely considered the most economically important wood damaging insect in the United 
States. R.flavipes is a lower termite, which signifies the presence of protist symbionts in 
the hindgut21, while the higher termites contain only bacteria in their hindgut. The protists 
and bacteria enable the termite to decompose ligno-cellulosic materials, although recent 
metagenomics analysis suggests that termites also produce endogenously derived 
biodegrading enzymes during the chewing process22. For example, the termite saliva has 
been shown to contain several digestive enzymes that aid in the degradation of wood 22; 
this finding reveals a more collaborative relationship between the hindgut microbial 
community and the host termites23. 
A recent dietetic study of R. flavipes revealed that its symbiont community 
significantly changed when the termites were fed different diets24. In this study, it was 
hypothesized that the treatment of wood with chitosan and the subsequent termite 
exposure would affect the bacterial population in the termite hindgut, either through 
diversity or frequency of the symbionts. This hypothesis was tested through a 
metagenomics study of genetic material recovered from the hindgut of chitosan-fed 
termites.  
 Reticulitermes flavipes 1.3.1
Eastern subterranean termites, Reticulitermes flavipes, are social insects that 
divide the responsibilities of maintaining their colony. The division of labor is based on a 
 
5 
caste system which includes workers, soldiers, and reproductives. Although this species 
of termites causes a significant damage to wood and wood products, they also provide 
important benefits to the ecosystem including decomposition of organic matter, thereby 
returning nutrients to the natural community. This important activity creates a healthier 
environment for humans, animals, and plants. 
 Life cycle and behavior 1.3.2
Mature female and male alates mate, and one female alate produces hundreds to 
thousands of eggs. Each can develop into any of the caste system, but must first hatch 
into larvae, and then become a worker, soldier or alate nymph. Newly molted termites 
regain gut fauna or gut microbiota by receiving regurgitated food or excreted feces from 
worker termites in their colony. R. flavipes is mobile throughout its life and is not known 
to have a permanent nest or colony location. Their activity is mainly determined by 
moisture, temperature, and food. They change locations based on necessities for the 
colony. 
 Economic impact 1.3.3
In 2012, the Environmental Protection Agency of the United States estimated 2.2 
billion dollars used for control and prevention of damage resulting from Reticulitermes 
flavipes and   Reticulitermes virginicus attack. Wood is considered the second-oldest 
construction material after stone, and according to the Western Wood Products 
Association, over 90 percent of American homes are built with wood. R. flavipes thrives 
in human domiciles due to the availability of favorable conditions which include 
moisture, optimal soil conditions, and wood (or any cellulose containing material)25. R. 
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flavipes is found near or below ground level of wooden structures. The Eastern 
subterranean termite is considered a serious economic timber pest and it is estimated that 
in high activity areas more than 1 in 5 homes have been or will be attacked26 
 Study objectives 1.4
The objectives of this study were to investigate the applicability of chitosan as an 
effective wood preservative against subterranean termites, metagenomic analysis of the 
bacterial hindgut community of Reticulitermes flavipes, and using the metagenomics data 
to screen bacterial candidates that have the potential to breakdown chitosan. Chitosanase, 
the enzyme responsible for chitosan breakdown, is crucial in the biotechnology 
applications of chitosan. 
The first goal of this study is to determine the toxicity of chitosan to subterranean 
termites, specifically R. flavipes and R. virginicus, and determine a threshold level for 
survival. To the investigator’s knowledge, no prior investigations concerning the effects 
of chitosan on termites have been carried out, with the singular exception where the 
effect of chitosan as an agent for fixation of copper and zinc in wood was examined 
against Coptotermes formosanus27. Treatment of wood with chitosan and subsequent 
exposure to termites were performed with relative ease. The results revealed the level of 
chitosan toxicity threshold to R. flavipes and R. virginicus, the treatability of wood with 
chitosan, viscosity of chitosan solutions, and leachability of chitosan from treated wood. 
Determination of the toxicity threshold of chitosan to termites is crucial to the subsequent 
goal of this study. 
The second goal of this study was to determine the effect of chitosan on the 
hindgut bacterial community of R. flavipes, specifically how chitosan treatment affects 
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the frequency and diversity of the bacterial species. The threshold level for survival, as 
determined from the first experiment in this study, was used for wood treatment and 
subsequent exposure to termite. This study was designed in a way to maximize the 
amounts of source termites used for metagenomic analysis. An elaborate plan was created 
to include exposure of treated wood samples to the environment before exposure to 
termites, intricate removal of termite guts after treatment exposure, and total DNA 
isolation from the luminal gut contents. The taxonomic profile of the hindgut bacterial 
community of a single R. flavipes population fed on chitosan-treated wood was studied 
using high throughput sequencing (Illumina MiSeq®). Obtained sequence reads were 
analyzed using Illumina BaseSpace 16S Metagenomics App and mothur (v. 1.39.5). The 
richness, diversity, and frequency of termite gut bacterial symbionts were revealed and 
the effect of chitosan on these characteristics was observed. Several potential chitosan 
degrading bacteria were identified.  In addition, the comparison of 16S rRNA gene 
databases used for sequence classification was carried out. The results of the 
metagenomics study served as the basis for the concluding assay. 
The last goal of this study was to access the chitosan-breakdown ability of 
bacterial species identified from the preceding metagenomics study. Three bacterial 
species, observed in high and significant abundance, was analyzed for chitosanase 
activity. Several assay methods were used to observe and quantify chitosanase activity 
including chitosan agar, Zymogram analysis, and Dinitrosalicylic acid (DNS) method. A 
bacteria species known to produce chitosanase was used as positive control. The results 
revealed the inability of the selected bacteria species in breaking down chitosan solution, 
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TERMITICIDAL ACTIVITY OF CHITOSAN TO SUBTERRANEAN TERMITES, 
RETICULITERMES FLAVIPES AND RETICULITERMES VIRGINICUS 
 
 Abstract 2.1
Chitosan is a derivative form of chitin, which is the major component of 
exoskeletons of arthropods and cell walls of fungi. Antimicrobial activity of chitosan 
against lepidopterans, aphids, fungi and bacteria has been numerously investigated, but 
only one report on the termiticidal effect of chitosan on termites has been published. In 
this study, we examine the termiticidal activity of chitosan by exposing single 
populations of Reticulitermes flavipes (Kollar) and Reticulitermes virginicus (Banks) to 
wood treated with six different concentrations of chitosan solutions in laboratory tests. 
Termite mortality and mass loss of wood samples after exposure to termites for 4 weeks 
were calculated. High termite mortality (≥ 94%) occurred during exposure of R. flavipes 
termites to chitosan-treated wood with ≥ 38 mg g-1 treatment retentions (≥ 2% chitosan, 
w/v) while less than 50% termite mortality was observed at lower treatment retentions 
(11 - 15 mg g-1; 0.5% and 1 % chitosan). For R. virginicus, 100% mortality was observed 
at all levels of treatment retentions. Mass loss decreased with increased chitosan levels, 
with a significant difference (p < 0.05) between lower and higher treatment retentions. 
Treatment retentions in wood samples after leaching were also determined and showed 
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retention levels between 0 – 30 mg g-1 chitosan retention. This study investigated the 
exposure of subterranean termites to chitosan as a wood preservative. The results show 
that chitosan treatments at sufficiently high loadings could protect wood against termites, 
preferably under non-leaching conditions. 
 Introduction 2.2
Wood is a major biodegradable and bio-renewable construction material, and as 
such, requires protection against wood degrading organisms. Currently, more effective 
wood protection preservatives contain copper, which can have a negative effect on the 
ecosystem1-3. As public preference for sustainable, eco-friendly products has increased, 
wood protection scientists are looking more closely into alternatives to traditionally used 
preservative systems. Among examined alternative substances, chitosan showed effective 
fungicidal properties4, 5 and has been described as a potentially effective wood 
preservative6, but its effects on subterranean termites, Reticulitermes flavipes (Kollar) and 
Reticulitermes virginicus Banks, both major wood-destroying insects in the United States, 
have not been investigated.  
Chitosan is made up of β-1,4-linked D-glucosamine and N-acetyl-D-glucosamine 
units. It is derived from an aminopolysaccharide, chitin, which is a building material of 
arthropod exoskeletons and cell wall of fungi. Chitin is biosynthesized in annual yields 
similar to the amounts of cellulose7, 8 with 1.5 million tons available for commercial use9. 
It is isolated from the exoskeleton through a demineralization process with diluted acid or 
deproteinization in hot base solutions, and further deacetylated in concentrated sodium 




Chitosan is of low toxicity to non-target organisms. A Norwegian purified 
chitosan product (ChitoClear®) has reportedly attained a self-affirmed safe substance 
status in United States markets11. Although, it has not been issued the GRAS (generally 
recognized as safe) designation by the United States Food and Drug Administration 
(FDA), chitosan is used in bandages12, drug delivery systems13, and winemaking 
process14. 
As a bio-pesticide, chitosan is used in agriculture and horticulture and has a 
higher anti-microbial effect than chitin15. It inhibits the growth of several plant and 
human pathogenic fungi16-18. Chitosan at 0.3–0.4% (w/v) in nutrient media has also been 
shown to have fungistatic activities against the tree pathogens, Leptographium procerum 
(Kendrick), and Sphaeropsis sapinea 19. In the case of Basidiomycota, which includes the 
wood decay fungi, chitosan has showed promise as a wood preservative against both 
brown and white rot fungi4, 20-22. For example, growth of Poria placenta , Coniophora 
puteana (Schumacher ex Fries) and Trametes versicolor (Linnaeus) was completely 
inhibited on nutrient media with 1% chitosan4. 
Effects of chitosan on insects were reported in several publications which 
included studies on Lepidoptera (cotton leafworm, corn earworm, and diamondback 
moth) and aphids (oleander aphid, rose-grain aphid, green peach aphid, melon aphid, 
mealy plum aphid, bird cherry-oat aphid, and grain aphid)23-25. All of the studies reported 
chitosan as an effective insecticide within a concentration range of 5 - 11 mg g1 chitosan 
in artificial diet, resulting in 15-100% insect mortality depending on aphid species23, 25. 
Chitosan as a termiticide has not been investigated, but the effect of chitosan as an agent 
for fixation of copper and zinc in wood has been reported in a study against Coptotermes 
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formosanus Shiraki26. The results indicated that chitosan improved fixation of metals in 
wood and overall increased treatment effectiveness.  
Therefore, the aim of this study was to investigate the biocidal activity of 
chitosan-treated wood against subterranean termites using a laboratory bioassay method.  
The effect of chitosan retention on wood percent mass, termite mortality was determined 
after four weeks of termite exposure. In addition, the change in mass of chitosan-treated 
wood after a 19-day water extraction was measured to evaluate chitosan leachability from 
wood. 
 Materials and methods 2.3
 Termites 2.3.1
Subterranean termites used in this study were obtained from single colonies 
collected at the United States Department of Agriculture, Forest Service Harrison 
Experimental Forest, Saucier, Mississippi (colony 1), and from Mississippi State 
University Dorman Lake Test Site, Starkville, MS (colony 2). Termite-infested logs were 
cut into smaller sections and kept in a covered metal bin at room temperature with 
sufficient moisture until they were utilized, which was within 3 months of collection.  
Species identification of termites used was based on the DNA sequence of the 
mitochondrial A-T rich region described by Foster et al. in 200427. From each colony, 
genomic DNA from 5 termite soldiers was isolated using MasterPure™ DNA/RNA 
Extraction kit (Epicentre, Madison, WI).  The species-specific region was amplified from 
the genomic DNA template in a polymerase chain reaction (PCR) using the forward and 
reverse primer sequences previously reported27. The amplified PCR product (~ 345 bp) 
was cloned into the pGEM T-easy™ vector system (Promega, Madison, WI) and four 
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clones per colony were sent to Eurofins Genomics (Louisville, KY) for sequence 
determination. The returned DNA sequences were aligned using DNASTAR Lasergene 
v8 software (Madison, WI) and then compared against NCBI-nr nucleotide database 
BLAST®28, 29, for species determination. 
 Chitosan solution preparation and wood treatment 2.3.2
Low molecular weight chitosan powder (50-190 kDa) was purchased from Sigma-
Aldrich Co. (St. Louis, MO). Chitosan solutions of 0.5%, 1%, 2%, 3%, 4% and 5% (w/v) 
were prepared in 25% aqueous acetic acid (w/v).  The solutions were agitated overnight 
using a laboratory magnetic stirrer in a laminar flow cabinet until the chitosan was 
completely dissolved. Using an AR 1500 Rheometer (TA Instruments, New Castle, DE), 
viscosity of chitosan solutions (1-5% concentrations) was measured at a shear rate of 10 
s-1 and at 25°C (room temperature). Chitosan concentrations above 5% were made but 
not tested for wood treatment because of the very high solution viscosity (Table 2.1).  
 Shear stress and viscosity of prepared chitosan solutions Table 2.1







Water 0.07474 10 0.007 25 
1% Chitosan  0.8159 10 0.082 25 
2% Chitosan  2.975 10 0.298 25 
3% Chitosan  22.68 10 2.268 25 
4% Chitosan  115.2 10 11.52 25 
5% Chitosan  246 10 24.60 25 
 
Sapwood samples of southern yellow pine, Pinus spp. dimensions 25×25×6 mm 
(tangential × radial × longitudinal) were dried in a laboratory oven (50°C) to constant 
mass. Wood samples were sawn from the same board and used for both termite 
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experiments. Treatments were randomly assigned to the wood samples. Oven-dried wood 
samples, with known mass, were submerged in each chitosan solution (one solution 
prepared per treatment) and kept under vacuum (29.8 mm Hg) for 3 hours, and 
subsequently equilibrated in the solutions under atmospheric pressure for 24 hours. Two 
sets of control samples were treated similarly but in 25% acetic acid solution (w/v) and 
distilled water. Samples were removed from the solutions, gently wiped, initially dried at 
room temperature for several hours, and finally dried in a laboratory oven (50 °C) until 
they reached constant mass. Treated weights were recorded. Treated-wood samples were 
used for the laboratory bioassay to evaluate termite resistance and preservative leaching 
study. Retention (mg chitosan g-1 oven-dried wood) was calculated as follows: 
Treatment retention (mg g-1) = (m0t - m0) 
m0
∙ 1000 
where m0t (g) is the oven-dry mass of samples after chitosan treatment and m0 (g) is the 
oven-dry mass of samples before chitosan treatment. 
 Termite no-choice exposure laboratory bioassay 2.3.3
The no-choice test of American Wood Protection Association Standard E130 was 
chosen for this study in order to determine toxicity of chitosan to termites. The choice 
test, also outlined in this standard, is applicable for determination of acceptance of treated 
wood as a food source for termites, which was out of the scope of this study. The test 
standard was followed with minor modifications. The number of termites used was 
changed from the recommended 400 to 100 individual termites and the moisture content 
of soil and test temperature were chosen according to the appropriate conditions of 
termite species.  
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Two experiments were setup, one for colony 1 and the other for colony 2. The 
termite treatments were: water-treated wood, acetic acid-treated wood, 0.5% chitosan-
treated wood, 1% chitosan-treated wood, 2% chitosan-treated wood, 3% chitosan-treated 
wood, 4% chitosan-treated wood and 5% chitosan-treated wood.  Each treatment group 
consisted of five sample replicates, where one replicate was defined as one treated-wood 
sample. Treated-wood samples were placed individually on top of sand (150 g, dried at 
121 °C and cooled) in autoclaved Qorpak® round-bottom glass jars, with addition of 
autoclaved distilled water (24 ml) for a 16% moisture content. The sand (Sakrete® 
Natural Play Sand) was purchased from a local home improvement store. One hundred 
cleaned termites (99 workers and 1 termite soldier) were placed in each jar, away from 
the treated-wood sample. The jars (Figure A.1 and A.2) were kept in a laboratory 
incubator (28 °C) for 4 weeks duration, then disassembled to assess termite mortality, 
which was estimated as follows: 
Mortality (%) = TD
T
∙ 100 
where T is the total termites (100) used in each jar and TD is the calculated number of 
dead termites per jar after four weeks. Number of dead termites was calculated by 
counting the number of live termites at the conclusion of the test, and then subtracting 
from the total number of termites used at the beginning of the test. 
Termites-exposed wood samples were dried in a laboratory oven (50 °C) till constant 
mass. Wood percent mass loss due to termite activity was calculated as follows: 





where m0t is the oven-dry mass of samples after chitosan treatment and m1t is the oven-
dry mass of samples after termite exposure. 
 Leaching test 2.3.4
Chitosan leaching was performed following the AWPA Standard E1131 with one 
modification; the volume of water used for leaching was decreased based on the 
dimension of the wood samples used in this study. For this study, a replicate is defined as 
one treated-wood sample leached in water. Wafers (5 per treatment) were submerged in a 
beaker containing deionized water (300 ml), then placed on a laboratory orbital shaker 
(100 rpm) for 6 hours. The water containing leachate was removed, discarded and 
replaced with new deionized water (150 ml) and shaken for 1 day, and the process 
repeated every 48 hours thereafter. The entire leaching procedure lasted for a total of 19 
days. 
The leached wood samples were dried at room temperature for several hours and 
then in a laboratory oven (50 °C) to constant mass. The amount of chitosan left in the 
samples was adjusted for the amount of lost extractives. Lost extractives were calculated 
from the difference between oven-dried mass of water-treated samples before and after 
leaching. 




where m0c (g) is the oven-dry mass of samples post-leaching, corrected for lost extractives 
and m0  (g) is the oven-dry mass of samples pre-treatment. 
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 Statistical analysis 2.3.5
Statistical Analysis Software (SAS Institute, Cary, NC) was used to assess 
homogeneity of variance within sample groups using Levene’s test. Results for treatment 
retentions and post-leaching retentions were analyzed separately. Mortality and mass loss 
values were statistically analyzed by species. The assumption of homogeneity of variance 
was met for the response variables retention of treated samples and R. flavipes mortality. 
One-way ANOVA and Tukey post hoc tests were performed in these cases to determine 
if the difference between treatments was significant. For the other three response 
variables (percent mass loss, R. virginicus mortality, and retention of leached samples), 
the assumption of homogeneity of variance was not met.  Therefore, Welch’s ANOVA 
was used in these cases. If treatment was found to be significant, the Games-Howell post 
hoc test was performed. All results were interpreted at the 5% significance level was used 
to determine statistical significance. 
 Results 2.4
 Species identification of subterranean termites 2.4.1
Comparison of the consensus sequences from the alignment against NCBI-nr 
nucleotide database revealed that colony 1 termites were R. flavipes (100% coverage and 
99% identity) and colony 2 termites were R. virginicus (100% coverage and 99% 
identity). 
 Viscosity of chitosan solutions and retention of chitosan in treated wood 2.4.2
samples 
The relationship between concentration of chitosan solution and its viscosity was 
fairly linear (R2 = 0.8205), as the data points in the residual plot (not shown) were 
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randomly dispersed around the horizontal axis. The average retention of chitosan in 
treated wood increased with higher concentrations of chitosan solutions, as expected. It is 
important to note that the acetic acid treated controls retained approximately 1.2 mg of 
acetic acid per gram of oven-dried wood (Figure 2.1), and it is therefore expected that the 
chitosan treatments also contained trace residual amounts of acetic acid. The 0.5% 
chitosan-treated samples increased their dry mass by an average of 11 mg g-1, which was 
not significantly different from retention amounts of 1% chitosan-treated samples (15 mg 
g-1). Both 0.5% and 1% chitosan-treated samples retention were significantly lower from 
the retention of other chitosan-treated samples. The 2% chitosan-treated samples 
increased their dry mass by an average of 38 mg g-1 which was significantly lower than 
3% chitosan-treated samples retention (48 mg g-1). Treatment retentions for 4% chitosan-
treated samples (67 mg g-1) and for 5% chitosan-treated samples (75 mg g-1.), were not 





 Chitosan retention (filled triangle - post treatment, clear triangle - post Figure 2.1
leaching) of wood samples treated with different concentrations of chitosan 
(bars denote standard error, n= 5). Markers with different letters are 
significantly different (p < 0.05); uppercase for retentions after treatment, 
lowercase for retentions after leaching. 
 
 Leachability of chitosan from different chitosan-treated wood samples 2.4.3
As shown in Figure 2.1, acetic acid treated samples leached all acetic acid during 
the leaching procedure. The 0.5% and 1% chitosan-treated samples also showed no 
residual levels of acetic acid or chitosan. Samples treated with the higher chitosan 
concentration solutions showed approximately 23-30 mg g-1 in 2-5% chitosan-treated 
samples, values not significantly different from each other. 
 Percent mass loss of wood samples as affected by different chitosan 2.4.4
treatments 
The average percent mass loss of chitosan-treated samples due to termite feeding 
generally decreased with increased chitosan concentration (Figure 2.2, Table B.1 and 
Table B.2). Higher percent mass loss was observed in samples exposed to R. flavipes (4.6 











































For R. flavipes, percent mass loss fell into two significantly different treatment groups. 
Wood treated with higher chitosan (2-5%) showed significantly less percent mass loss 
compared to wood treated with low (0.5 and 1%) or no chitosan (water and 25% acetic 
acid).  
For R. virginicus, on the other hand, statistical analysis revealed a different 
pattern. Treatments in ascending order of percent mass loss were: 3%, 2%, 4%, 5%, 1%, 
0.5% chitosan, 25% acetic acid, and water. The lowest percent mass loss was observed 
for wood treated with 3% chitosan, which was significantly different from all other 
groups except for the 1%, 2% and 4% treatments. The 2% and 4% treatments were only 
significantly different from the controls (water and 25% acetic acid) and the 0.5% 
chitosan treatment. Wood from the 5% chitosan treatment was significantly different 
from the 3% and 0.5% treatments and both controls (water and 25% acetic acid). The 1% 
chitosan treatment showed the most overlap and only showed a significant difference 
from the water treatment. The 0.5% chitosan treatment was significantly different from 
all other chitosan treatments except for the 1% chitosan and 25% acetic acid control 
treatments. The 25% acetic acid treatment was only significantly different from 
treatments with 2% or more chitosan. The water control, however, was significantly 
different from all treatments with chitosan. Overall, results for both termite species 
showed that chitosan-treated samples generally exhibited significantly lower percent 




 Percent mass loss of wood samples as affected by chitosan treatments and Figure 2.2
termite exposure (bars denote standard error, n= 5). Bars with different 
letters are significantly different (p < 0.05); uppercase letters for the R. 
flavipes experiment, lowercase letters for the R. virginicus experiment  
 
 Termite mortality as affected by different chitosan treatments  2.4.5
Termite mortality increased with an increase in chitosan concentration (Figure 
2.3) for R. flavipes, which exhibited ≥ 94% mortality when termites were exposed to 
samples with ≥ 38 mg g-1 treatment retentions (≥ 2% chitosan). No significant difference 
in mortality was found among the treatments with ≥ 2% chitosan, which was significantly 
higher than the mortality of termites subjected to lower retentions of chitosan (0.5% and 
1% chitosan) and controls. Termites exposed to samples with ≤ 15 mg g-1 retentions 
(0.5% and 1% chitosan) exhibited mortality of 38% - 46%. Termite mortality for the 1% 
chitosan treatment was significantly different from all treatments except the 0.5% 















































from the treatments with ≥ 2% chitosan. Mortality values observed in control treatments, 
water and 25% acetic acid were 24% and 28%, respectively, with no significant 
difference between them. For R. virginicus, every concentration level of chitosan 
treatment resulted in death of all termites after 4 weeks. The observed 100% mortality of 
R. virginicus exposed to the 4% and 5% chitosan-treated wood samples, however, 
probably occurred during the first two weeks of the study, as no activity of termites could 
be observed at that time. Water and acetic acid control samples exposed to R. virginicus 
exhibited mortality values of 37 and 55%, respectively, which were not statistically 
different from each other.  
 
 Termite mortality in chitosan and control treatments (bars denote standard Figure 2.3
error; n = 5). Bars with different letters are significantly different (p < 
0.05); uppercase letters for the R. flavipes experiment, lowercase letters for 













































Vacuum treatment of wood with chitosan solutions yielded average retention 
levels in the range of 11-75 mg g-1. Since we did not actually quantify the amounts of 
retained chitosan or acetic acid in the wood, retentions based on mass change were 
contained both chitosan and acetic acid. The complete removal of acetic acid from wood 
upon acetylation has been shown to be incomplete through end-vacuum or drying32. 
Retentions ranging from approximately 20 to 45 mg g-1 have been reported in the 
literature depending on treatment method, solution strength, wood species and molecular 
weight4. Eikenes et al. obtained approximately 20 mg g-1 retention in Scots pine sapwood 
when vacuum/pressure treating wood with 2.5% chitosan (35 - 215 kDa in acetic acid), 
with no difference in retention among different molecular weights.4 However, they found 
that an increase in chitosan concentration did have an effect on retention, with 5% 
concentrations having higher retention than 2.5% chitosan concentration treatments4. The 
results herein also indicate the retention increases in wood treated with solutions of 1% - 
4% chitosan concentrations. However, since no significant difference in retention was 
found between treatments with 4% and 5% chitosan concentrations, the further uptake of 
low molecular weight chitosan above 5% is likely improbable in southern pine. The 
uptake, though, could be enhanced by applying pressure upon the vacuum treatment, as 
was shown in a previous study33. Molecular weights did not seem to have a significant 
effect on chitosan uptake in case of long chitosan chains4, 33, 34. However, it is expected 
that use of chitosan oligomers would give higher retentions and better penetration into 
microvoids of cell walls, as was found for Pinus radiata (David Don)35. 
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Although a trend of a decrease in percent mass loss with increased treatment 
retentions was observed in this study, the differences in percent mass loss were not 
always statistically significant among wood samples treated with 2-5 % chitosan 
solutions for both species. Also, percent mass loss of samples treated with 0.5% and 1% 
chitosan solutions were not statistically different from each other. It is improbable that a 
prolonged exposure time may increase the percent mass loss from R. virginicus exposed 
samples because the lowest level of chitosan retention (11 mg g -1) resulted in 100% 
mortality. It is possible that R. virginicus cannot tolerate low levels of chitosan exposure, 
though, it would be prudent to test multiple colonies of R. virginicus to confirm this 
hypothesis. As for R. flavipes, a longer feeding time at low concentration levels could 
possibly increase the sample percent mass loss, because termites exposed to wood 
samples treated with 0.5 and 1% chitosan solutions exhibited 38-46% mortality after four 
weeks exposure. 
Insecticidal properties of chitosan toward larvae of other insects have been shown. 
Approximately 15% mortality was observed for cotton leafworm third-instar larvae after 
5 days exposure to 5 mg g-1chitosan (50-190 kDa) in artificial diet24, compared to 100% 
and 38% mortality observed in this study, respectively for R. virginicus and R. flavipes, 
when exposed to 11 mg g-1 chitosan (50-190 kDa) in wood. Different molecular weights 
of chitosan can also impact mortality. Cotton leafworm showed mortality rates up to 50% 
when exposed to high molecular weight chitosan (227-947 kDa) at 4 mg g-1 artifical diet 
after 7 days23. Higher molecular weight chitosan (300 kDa) also showed higher 
insecticidal activity against corn earworm when compared to chitosan oligomers (~3.5 
kDa) with average degree of polymerization of 2025. Comparison of effectiveness of 
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chitosan between termites and aphids is difficult to make as the aphid studies use dip or 
sprayed-leaf methods instead of incorporating the chitosan into the diet. However, when 
comparing aphid species, it is obvious that species shows a very wide range of 
susceptibility to the same levels of chitosan solution concentrations, as is the case in this 
study with subterranean termites25. 
No results for effect of chitosan-treated wood on Reticulitermes spp. have been 
published previously. However, a single study was performed on chitosan effect on C. 
formosanus termites exposed to 9.85 mg g-1 chitosan-treated wood samples26. Thereafter 
3 weeks, C. formosanus exhibited 10.5% average mortality and 15.5% average wood 
mass loss. In this study, termites exposed to the similar treatment retentions in wood (11 
mg g-1, 0.5% chitosan solution treatments) showed higher mortality and lower percent 
mass loss: 100% mortality and 5% mass loss for R. virginicus and 38% mortality and 9% 
mass loss for R. flavipes after four weeks. It is possible that the extra week of termite 
exposure in this study caused the higher mortality, but termite species and/or molecular 
weight of chitosan used could also have contributed to the observed differences. It was 
shown earlier that C. formosanus have more aggressive feeding habits compared to 
Reticulitermes spp.36 Also, Kobayashi et al. utilized lower molecular weight chitosan (10-
30 kDa) in comparison to chitosan (50-190 kDa) used this study’s 26. A positive trend 
between chitosan effectiveness and molecular weights in range 35-215 kDa was also 
reported in case of wood-degrading fungi, although a significant difference was not 
found4, 20. However, Hussain et al. found that antifungal properties of chitosan oligomers 




Comparison of chitosan to results of termiticidal effectiveness of disodium 
octaborate tetrahydrate (TIM-BOR®), currently one of the most effective termiticidal 
wood preservatives, considering strictly mortality rates and preservative retentions, 
chitosan seems to underperform at least in the case of R. flavipes. C. formosanus exposed 
to 2.9 mg g-1 TIM-BOR-treated wood for 3 weeks showed 100% mortality and 8.4% 
wood mass loss38, while for R. flavipes, the lowest retentions of 11 mg g-1 chitosan- 
treated wood showed 38% mortality and 9.4% mass loss. Also, R. flavipes exposed to 7.2 
mg g-1 TIM-BOR-treated wood for 4 weeks resulted in 100% termite mortality and 75.7 
mg wood mass loss39, while 11 mg g-1 chitosan- treated wood exposed to the same 
termite species resulted in 38% mortality and 180 mg mass loss.  However, borate 
treatments, similar to chitosan, have a tendency to leach and can be completely removed 
after eight days, regardless of treatment solution concentration.40 Although wood treated 
with higher concentrations of chitosan solutions should retain sufficient amount of 
chitosan to provide protection against R. virginicus based on the mortality results of the 
lower chitosan retentions tested, it was inadequate amount to protect against R. flavipes. 
As shown, treatment retentions of approximately 38 mg g-1 oven-dried wood (2% 
chitosan), which is comparable to retentions of leached samples, caused approximately 
46% termite mortality in a four-week period for R. flavipes and 100% mortality in R. 
virginicus.  
Despite the confirmation that highly concentrated chitosan solutions generally yield 
samples with higher chitosan amount before and after leaching4, 34, the issue of overall 
leaching of chitosan remains a challenge which could be possibly addressed by treating 
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wood with chitosan oligomers, which penetrate the cell walls and enhance the adhesion, 
as suggested by the work of Singh et al. in 201035. 
 Conclusions 2.6
The consensus sequence from the alignment confirmed that the species identity of 
the tested colonies were R. flavipes and R. virginicus. Results of this study show that 
chitosan has a termiticidal effect on both subterranean termites at varying retention 
levels. Approximately 40 - 100% of chitosan retained in treated-wood was leached, 
depending on the initial retention. Termite mortality increased when exposed to samples 
treated with higher chitosan concentration solutions. Post-leaching results indicate 
chitosan is not suitable for protection against both subterranean termites in outdoor 
conditions, but adequate for non-leaching applications. Further studies need to be 
conducted to understand chitosan toxicity mechanism in termites and to prevent its 
leaching from treated wood. 
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DIVERSITY OF HINDGUT BACTERIAL POPULATION IN SUBTERRANEAN 
TERMITE, RETICULITERMES FLAVIPES 
 Abstract  3.1
The termite hindgut contains a bacterial community that symbiotically aids in 
digestion of cellulosic materials. In this study, a species survey of bacterial hindgut 
symbionts in termites collected from Saucier, Mississippi was examined. Two methods of 
DNA isolation were tested. Genomic DNA was isolated from the gut luminal contents 
and head of five termites. 16S ribosomal RNA (rRNA) gene fragments were amplified 
using 16S rRNA amplicon primers. Termite head DNA was used to determine 16S rRNA 
primer specificity. The fragments were cloned into E. coli cells and plasmid DNA was 
isolated from subsequent clones for sequencing. The results revealed 6 different bacteria 
phyla and 18 genera. The most dominant phylum was Bacteroidetes, followed by 
Firmicutes, Proteobacteria, Elusimicrobia, Spirochaetia, and Actinobacteria. Firmicutes 
was the most diverse phylum with 8 different genera. 
 Introduction 3.2
Wood is a key biodegradable and bio-renewable construction material in the 
United States, and as such, it needs to be protected from agents of deterioration. 
Worldwide wood damage due to termites has been estimated to cost approximately 32 
billion US dollars1. The Eastern subterranean termite, Reticulitermes flavipes (Kollar), is 
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the most common termite species in the Eastern region of the United States and the most 
devastating wood destroying insect in the United States.  
Lower termites, such as Reticulitermes flavipes, harbor a community of protists 
and bacteria in their hindgut that aid the digestion of wood2, 3. These hindgut microbes 
have been shown to be essential for the survival of termites, as they are involved in 
breakdown of cellulose2. The diversity and frequency of the bacterial population has been 
shown to vary with diet4. 
In this study, two DNA isolation protocols were tested for optimal DNA isolation 
and the distribution and frequency of the hindgut bacterial population of R. flavipes 
termites was observed. 
 Materials and methods 3.3
 Materials 3.3.1
MasterPure™ Complete DNA and RNA Purification Kit (Epicentre), QIAquick® 
Gel Extraction Kit (Qiagen), PureLink® Quick Plasmid Miniprep Kit (Invitrogen, 
Carlsbad, CA) and pGEM®-T Easy Vector System II (Promega, Madison, WI) were 
obtained directly from manufacturers and all other materials were purchased from Fisher 
Scientific (Waltham, MA). Termites used in this study were obtained from one 
population collected at Saucier, MS and kept in a metal bin at room temperature with 
sufficient wood material and moisture until they were utilized in the study. The termites 
were utilized within 2 months from collection. 
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 Termite dissection 3.3.2
Termites were cleaned after collection by placing damp paper towels over 
termites multiple times and allowing the termites to crawl onto the damp paper towels. 
The termite guts were extracted using microforceps to hold the termite head in place 
while simultaneously using sterile fine-tip forceps to pull the anus and remove the gut 
tract5. The guts were rinsed in a droplet of Trager U buffer6. The guts of 5 termites were 
combined and homogenized using a blunt sterile pipette tip and then briefly centrifuged 
to separate hindgut tissue from the gut contents. The supernatant (gut contents) was 
collected and then DNA isolation was performed.  
 Genomic DNA isolation 3.3.3
Genomic DNA isolation from the homogenized termite guts was performed using 
two methods: MasterPure™ Complete DNA and RNA Purification Kit protocol and 
CTAB/Chloroform-Isoamyl Alcohol protocol7. After isolation, the DNA concentration 
and yield was measured on a NanoDrop™ spectrophotometer. Genomic DNA was 
stained with Lonza GelStar™ Nucleic Acid Gel Stain and separated by size using agarose 
gel electrophoresis with 1 kb Plus exACTGene™ DNA Ladder. 
 16S rRNA gene amplification, gel electrophoresis and sequencing 3.3.4
The isolated genomic DNA was diluted five-fold and then prepared for PCR 
protocol as advised by Illumina 16S Metagenomic Sequencing Library Preparation 
(Illumina, Part #15044223 Rev. B), using the 16S ribosomal RNA amplicon primers8 
below: 
16S forward primer: tcgtcggcagcgtcagatgtgtataagagacagcctacgggnggcwgcag 
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16S reverse primer: gtctcgtgggctcggagatgtgtataagagacaggactachvgggtatctaatc 
Besides luminal content DNA, the 16S ribosomal RNA amplicon primers were 
used for amplification of DNA extracted from the termite head to confirm specificity of 
the bacterial primers. Additionally, termite specific primers9, were used as a positive 
control for termite head DNA amplicons. After amplification, 3 µL of the PCR products 
were separated by size using agarose gel electrophoresis with 1 kb Plus exACTGene™ 
DNA Ladder. The gel bands corresponding to the 16S rRNA gene fragments (~ 500 bp) 
were excised and purified from the gel. 
The 16S rRNA fragments were multiplied using E. coli cell machinery10. The 
fragments were ligated to the pGEM T-easy™ vector and recombinant plasmids were 
transformed into competent E. coli cells using heat shock method, according to 
manufacturer’s instructions. Each transformation reaction was plated on LB- 
Ampicillin/IPTG/X-gal plates and incubated at 37°C for 16 hours. Forty-six positive 
recombinants were picked and individually sub-cultured in LB broth for plasmid DNA 
isolation. 
Plasmid DNA was isolated from the E. coli cells according to the directions 
provided by the PureLink® Quick Plasmid Miniprep Kit. The plasmid DNA was sent to 
the Eurofins Genomics Sequencing Center (Louisville, KY) and the obtained sequences 
were used to analyze the bacterial population. 
 Sequence Analysis 3.3.5
Using FinchTV software version 1.4.0 (Geospiza), pGEM®-T Easy vector 
sequences were identified and removed. EditSeq, a program within the Lasergene suite 
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(DNASTAR®), was used to orient all 16S sequences in the forward direction of the gene. 
Each sequence was then compared with the non-redundant nucleotide NCBI database11. 
 Results and discussion 3.4
 Genetic material isolation using MasterPure™ kit and CTAB/Chloroform-3.4.1
Isoamyl Alcohol method 
The MasterPure™ Complete DNA and RNA Purification Kit isolated a higher 
genomic DNA amount (0.8 µg/µL) compared to the CTAB/Chloroform-Isoamyl Alcohol 
method (0.05 µg/µL), as seen by the increased brightness on Figure 3.1. The 
MasterPure™ isolated DNA was chosen for further experiments.  The smearing of the 
genomic DNA on the gel could be attributed to partial degradation of the genomic DNA 
due to vortexing, polysaccharide, and/or protein contamination. CTAB/Chloroform-
Isoamyl Alcohol had very clear genomic DNA bands and was significantly less degraded 
and purer compared to the other method. It is to be noted that the level of degradation and 
protein contamination observed with the MasterPure™ Complete DNA and RNA 




 Genomic DNA isolated with MasterPure™ DNA purification kit (A, D) Figure 3.1
and CTAB/Chloroform-Isoamyl Alcohol (B, C). L, DNA size ladder 
 
 PCR amplification of genomic DNA using 16S and termite-specific (TS) 3.4.2
amplicon primers 
The accuracy and specificity of the 16S amplicon primers was confirmed via 
PCR. As seen in Figure 3.2, the accuracy of the 16S primers was confirmed by the 
appearance of a band of the gut-extracted DNA at the expected band size of ~500 bp 
(lanes 2-4 and 7-9). Specificity was confirmed by the appearance of a single fragment 
from the hindgut (lanes 2-4 and 7-9), as well as absence of a fragment from the termite 
head using 16S rRNA primers (lanes 5 and 6). The termite-specific primers produced a 
single major band of the expected size (~345 bp) from the termite head (lanes 10-12) and 




 PCR amplification of termite head (H) and gut (G) isolated DNA using Figure 3.2
bacterial-specific (16S) and termite-specific (TS) amplicon primers.  L- 
denotes DNA size ladder.  
 Analysis of recombinant plasmid DNA sequences 3.4.3
A BLAST®12 search against NCBI non-redundant nucleotide database revealed 
that all sequences belonged to 6 distinct phyla and 18 different genera. Hits from the 
database with greater than 96% identity and 95% query cover were used. The most 
represented group was Bacteroidetes, with 18 out of 44 successfully sequenced clones, 
accounting for 41% of total sequenced DNA (Figure 3.3). Sequences within the 
Bacteroidetes phylum belonged to five genera (Figure 3.4 A).  
1   2   3   4    5   6  7   8   9 10 11 12 13 14
Å 16S                 ÆÅ TS      Æ










 Distribution of bacterial phyla within hindgut of R. flavipes Figure 3.3
 
 Diversity within each observed bacterial phylum of R. flavipes Figure 3.4
 
The Firmicutes phylum accounted for 13 clones, representing 29 % of total 















(Figure 3.4B). Proteobacteria (6 clones), Elusimicrobia (4 clones), Spirochaetia (2 
clones), and Actinobacteria (1 clone) represented 14, 9, 5, and 2% of total sequenced 
DNA, respectively (Figure 3.3). The Proteobacteria phylum had 3 different genera 
represented. The least prominent phyla, Elusimicrobia and Spirochaetia, had only one 
represented bacterial genera (Figure 3.4D-E). 
Bacterial population within the termite hindgut varied with location and diet13. 
Within the subterranean termite family, Rhinotermitidae, the most frequent phyla vary 
between Bacteroidetes, Firmicutes and Spirochaetia (Figure 3.5). Hongoh et al. found 
that the subterranean termite, Reticulitermes speratus (Kolbe), from Ogose Saitama, 
Japan had a dominant Spirochaetia phylum (Figure 3.5A)14.  These results were similar to 
those found by Fisher et al. in R. flavipes from Virginia, USA (Figure 3.5B)15. However, 
R. flavipes from our study had the highest number of Bacteroidetes. Similarly, Shinzato et 
al. found the guts of Coptotermes formosanus (Shiraki) from Irimote Island, Japan 
(Figure 3.5C), to be dominated by the Bacteroidetes phylum16.  
 




R. speratus R. flavipes C. formosanus




In this study, the gut contents of R. flavipes collected from Saucier, MS consisted 
predominately of bacteria from the Bacteroidetes phylum, with approximately 41% of 
total sequenced DNA belonging to this phylum. Five other phyla: Firmicutes, 
Proteobacteria, Elusimicrobia, Spirochaetia, and Actinobacteria, were present. The most 
diverse phylum was Firmicutes, with 8 different genera. The bacterial population 
diversity within R. flavipes hindgut material analyzed in this study differed from previous 
studies, further supporting the theory that bacterial population within the termite hindgut 
changes with diet and location. Further studies using a larger termite sample size and 
multiple populations are recommended, to confirm the results of this study. 
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METAGENOMIC ANALYSIS OF GUT BACTERIAL COMMUNITY OF 
SUBTERRANEAN TERMITES EXPOSED TO CHITOSAN-TREATED WOOD 
 Abstract 4.1
The composition of the termite gut microbial community is influenced by diet, but 
the dynamics of the bacteria-termite relationship and the clear role of bacteria in 
lignocellulosic digestion are unclear. In this study, a species survey of bacterial gut 
microbes in subterranean termites (Reticulitermes flavipes: Kollar) was performed after 
exposure to chitosan-treated and control (water-treated) wood samples. Total genomic 
DNA was isolated from termite guts, amplified and 16S ribosomal RNA (rRNA) gene 
fragments were analyzed using next-generation sequencing techniques. Two methods for 
analysis of 16S rRNA gene sequences were used. The first method, Illumina BaseSpace, 
identified twenty-six bacterial phyla with five out of eight most represented phyla 
showing significant differences in abundance between the chitosan-treated and control 
groups. The second method, mothur, identified fifteen bacterial phyla with four out of 
eight most represented phyla showing significant differences in abundance between 
treatment groups. These results suggest that there was a treatment-driven effect on the 
hindgut bacteria frequency and diversity. While several bacterial taxa were common to 
both methods, anomalies detected using the BaseSpace software suggests mothur was 




Termites are one of the earliest known insects to crawl on Earth. Fossil records 
indicate they originated in the upper cretaceous period, approximately 66 to 100 million 
years ago1. Every classified termite species is known to have a synergistic relationship 
with its highly diverse gut community. The termite gut is separated into three major parts: 
foregut, which includes the gizzard and crop, the midgut, containing endogenous 
enzymes2, and the hindgut, which harbors the symbiotic community3. Termites are 
divided into two hierarchical levels; lower and higher. Higher termites are known to 
consume a variety of materials such as grass, leaves, roots, feces and humus while lower 
termites feed primarily on wood. Within the termite hindgut, hundreds of bacterial 
species, multiple protists, and significantly few archaea are present4.  Lower termites 
have prokaryote and protist communities within their hindgut while higher termites 
contain only prokaryotic microbes5.  
The microbial gut community has been previously revealed as crucial for the 
survival of termites due to their essential importance in the digestion of lignocellulosic 
materials6, but the extent of the mutualistic relationship between host termites and their 
gut community is not well characterized. Nonetheless, the gut microbial community 
assists with nitrogen fixation by supplementing the usually nitrogen-poor termite diet7-9. 
Multiple species in the nitrogen-fixing bacterial genera such as Citrobacter, 
Enterobacter, and Desulfovibrio have been detected from the gut of termites7, 10-12. The 
nitrogen fixed by the gut community is miniscule in comparison to the amount that is 
derived through uric acid recycling13, thus, several uricolytic bacteria have been isolated 
and characterized from the termite gut14. 
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Acetogenesis and methanogenesis are hallmark biochemical reactions of the 
termite gut and both require mutual effort between protist and prokaryotes. Mixotricha 
protozoa has been shown to live in symbiosis with Treponema genus of Spirochaetes; 
therein the bacteria have easy access to nutrients produced by the protist, thus 
synthesizing acetate and obtaining energy for the protist13. Another classic mutualistic 
relationship between prokaryote and protist is that of methanogens and parabasalids. 
They work synergistically for cellulose digestion and fermentation; the archaea 
eliminates H2 produced by the protist, thereby creating an optimal cellulose 
decomposition environment for the parabasalids15.  
The termite-protist relationship with regards to lignocellulosic digestion has been 
extensively investigated, while the purpose of the prokaryote has been largely ignored16. 
This is because approximately 70% of bacteria in the hindgut have been suggested to be 
in endosymbiosis with the protist17 and that protists are the major party responsible for 
lignocellulose digestion18. Partial digestion of lignocellulosic components in the foregut 
and midgut is combined with complete hydrolysis in the microbe-occupied hindgut 6. The 
complete hydrolysis of lignocellulosic components is undertaken by the hindgut 
flagellates. The flagellates produce several carbohydrate active enzymes including 
glycoside hydrolases, cellobiohydrolases, endoglucanases, xylanases, arabinosidases, 
mannosidases, arabinofuranosidases and β-glucosidases from different glycoside 
hydrolases families19-21. 
The purpose of the gut prokaryotic community of termites, in terms of 
lignocellulosic digestion, has been surmised to have a supporting role to the protist 
symbionts. The gut bacteria community are said to live on or within the protist, and 
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contribute to the survival of the host protist22. However, cellulolytic activity was 
observed in the hindgut of Nasutitermes takasagoensis (Oshima), a higher termite 
without flagellates23. Furthermore, the bacterial cellulolytic activity in the hindgut was 
confirmed by metagenomic and metatranscriptomic analysis24, 25. In these studies, several 
glycoside hydrolases related to cellulose breakdown were identified. Similarly for the 
archaeal community, they mainly associate with the protist community and aid with 
methane production5. 
Isolation and culture of termite gut microbes remains challenging and elusive, but 
culture-independent methods have proved beneficial in characterization of the termite gut 
microbial community. Past metagenomics research identified the major phyla 
represented18, 26. Phylum-level classification of bacterial 16S rRNA genes from the 
hindgut has previously been carried out using molecular cloning methods and Sanger 
sequencing. Although these methods are not currently being employed for termite 
metagenomics, they laid the framework for subsequent investigations. The most 
consistently represented phyla in the wood-feeding termite hindgut are Spirochaetes, 
Firmicutes, Proteobacteria, Bacteroidetes, Fibrobacteres, and Elusimicrobia, previously 
referred to as Termite Group I18. The occurrence of archaeal symbionts in the termite gut 
is vastly lower when compared to the bacterial symbionts. Several research endeavors 
have shown the archaeal symbionts to represent less than 0.1% of the termite hindgut 
community24, 27. 
Several studies have detected between 268 -581 bacterial phylotypes in 
Reticulitermes spp., and estimated an additional between 700 – 1348 phylotypes28-31. 
Using high-throughput sequencing methods, bacterial phyla diversity within the termite 
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hindgut has been revealed higher than initially assumed24, 31, 32 and several studies have 
suggested that diversity and frequency of these hindgut bacterial communities vary 
among species18, 32 and different diets34. For example, phylum Spirochaetes (Figure 4.1) 
was recognized as the dominating group within the hindgut of Reticulitermes speratus 
(Kolbe) from Ogose Saitama, Japan18 and Reticulitermes flavipes (Kollar) from Virginia, 
U.S.A30, but phylum Bacteroidetes was observed as dominant in Coptotermes 
formosanus (Shiraki) from Irimote Island, Japan17, and R. flavipes from Mississippi, 
U.S.A.33. Also, an increase in the number of bacteria belonging to phylum Elusimicrobia 
has been reported within Reticulitermes spp33, 34. Although abundance and diversity of 
bacterial species in termites guts differed, the major bacterial phyla observed remained 




 Comparison of previously reported hindgut bacteria phyla in subterranean Figure 4.1
termites 
 
In the current study, the effect of diet on diversity of bacteria in guts of one 
population of termites is examined through exposure of termites to untreated and 
chitosan-treated wood. Chitosan is a derivative of chitin polysaccharide, a building 
compound of shells of crustaceans, termites’ exoskeletons, and fungi cell walls. Chitosan 
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is biodegradable, has low toxicity to non-target organisms, and considered 
environmentally friendly. As such, it is being investigated as a preservative for various 
applications, among which is the preservation of wood. 
Chitosan is used in agriculture and horticulture as a bio-pesticide and has already 
yielded promising results in various studies of wood protection against fungi35-38. Effect 
of chitosan on Gram-positive and negative bacteria has also been investigated39. In short, 
chitosan exhibited anti-growth and anti-proliferation properties within a range of 0.0125 
– 0.1% chitosan per volume of media against several bacterial species40. Chitosan has 
also shown extensive insecticidal properties against various lepidopterous species41-43, 
aphids41-43, and termites33, 44. 
Though chitosan has been shown to have a termiticidal effect, its effect on the 
termite gut microbial community is not known.  The taxonomic profile of the hindgut 
bacterial community of a single R. flavipes population fed on chitosan-treated wood was 
studied using high throughput sequencing (Illumina MiSeq®) in order to address the 
following objectives: (i) determine whether chitosan can influence the frequency and 
diversity of the termite gut bacterial symbionts, (ii) perform an in-depth investigation of 
the diversity and frequency of the gut bacterial community of subterranean termites using 
a much larger sample size than previous studies, and (iii) study the effect of 
environmental exposure of wood samples on bacterial population. 
 Materials and Methods 4.3
 Termites’ collection and species confirmation 4.3.1
The termites used in this study were obtained from one colony collected at Sam 
D. Hamilton Noxubee National Wildlife Refuge, Louisville, Mississippi, and maintained 
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in a covered metal bin at room temperature. The decayed logs were kept with sufficient 
moisture until the termites were utilized, which was within three months of collection. 
For confirmation of termite species, morphological features were observed using a 
species identification guide45. In addition, mitochondrial A-T rich region of DNA isolated 
from five termite soldier heads was sequenced. DNA was isolated using MasterPure 
Complete DNA and RNA purification kit (Epicentre, Madison, WI) and amplified in a 
PCR using reported forward and reverse primers46: 5’- tggggtatgaaccagtagc-3’ and 5’- 
cactaaggataatcaattatacgtc-3’. The amplified product was cloned into the pGEM T-easy™ 
vector system (Promega, Madison, WI) and plasmid DNA was isolated from four clones 
following the directions provided by the PureLink® Quick Plasmid Miniprep Kit 
(Invitrogen, Carlsbad, CA). The plasmid DNA was sequenced by Eurofins Genomics 
Sequencing Center (Louisville, KY). Obtained DNA sequences were subjected to several 
pre-processing steps: vector sequences were trimmed away, orientation of the fragment 
was determined based on the sequences of the 16S forward and reverse amplicon primers, 
and if a fragment was in the anti-sense orientation, a reverse-complementation step was 
performed. Once all sequences were in the sense orientation, taxonomic affiliation was 
determined by running a nucleotide BLAST47 against the NCBI nr database48.  
 Chitosan solution preparation, wood treatment and termite exposure 4.3.2
Low molecular weight chitosan (50-190 kDa; Sigma-Aldrich Co., St. Louis, MO) 
was used to prepare 2% w/v aqueous chitosan solution by suspending chitosan powder in 
25% aqueous acetic acid (w/v). The solution was agitated overnight using a laboratory 
magnetic stirrer in laminar flow cabinet until the chitosan was completely dissolved.  
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Southern yellow pine (Pinus spp.) sapwood samples of dimensions 25 × 25 × 6 
mm (tangential × radial × longitudinal) were dried at 50°C to constant mass. Oven-dried 
wood samples were treated with aqueous chitosan solution and distilled water under 
vacuum (29.8 mm Hg) for 3 hours. The treated wood samples were allowed to equilibrate 
in solutions for approximately 24 hours. Samples were then removed from the solutions, 
gently wiped, and dried at room temperature for several hours. Final drying was 
performed in a laboratory oven at 50 °C until constant, treated mass was reached. A 
replicate is defined as one treated-wood sample exposed to subterranean termites. Each 
treatment group contained 10 replicates, of which five were exposed to the outside 
environment for 88 days during the summer of 2015 (Table 4.1) The samples were placed 
on an elevation of approximately 10 inches above ground, with direct exposure to 
sunlight, wind, and rain. Hence, a total of four sample groups were created: water-treated 
samples (WTW), chitosan-treated samples (CTW), water-treated, environment-exposed 




  Weather history for period of wood samples exposure (6/15/2015 – Table 4.1
9/11/2015) 
Factors Maximum Average Minimum 
Max Daily Temperature 96° F 90° F 78° F 
Mean Daily Temperature 84° F 79° F 66° F 
Min Daily Temperature 73° F 68° F 53° F 
Dew Point 79° F 70° F 52° F 
Precipitation 1.53 in 0.10 in 0.00 in 
Wind 21 mph 2 mph 0 mph 
Gust Wind 41 mph 19 mph 10 mph 
Source: Weather Underground, accessed from www.wunderground.com on 8/4/17 
For exposure of termites to the treated-wood samples, the American Wood 
Protection Association E1 Standard, no-choice test49 was followed. Twenty Qorpak® 
round-bottom glass jars each containing 150 g of sand (Sakrete® Natural Play Sand) 
wetted with 35 ml of distilled water was sterilized by autoclaving. One wood replicate 
was placed on top of the sand in each jar along with 1 g of worker termites cleaned using 
damp laboratory paper towels (Figure 4.2). After 4 weeks, the jars were disassembled and 




 Assembled termite jar with treated wood sample and cleaned termites Figure 4.2
 
 Termite dissection and DNA isolation 4.3.3
From each jar, a total of 80 termites guts were dissected, five guts were compiled 
together and rinsed in a droplet of saline solution (Trager U) 50, and macerated with a 
sterile pestle. Genomic DNA was isolated from the macerated guts following the 
MasterPure™ Complete DNA and RNA purification kit protocols. In summary, 1 µL of 
Proteinase K was diluted into 300 µL of Tissue and Cell Lysis Solution, mixed 
thoroughly with the gut luminal contents, and incubated at 65°C for 15 minutes. 1 µL of 
5 µg/µL RNase A was added to the samples at 37°C, and then incubated for 30 minutes. 
150 µL of MPC Protein Precipitation Reagent was added to the mixture, mixed 
thoroughly, and then pelleted by centrifugation at 4°C for 10 minutes at 13,000 rpm in a 
microcentrifuge. The supernatant was transferred to a clean 1.5 ml microcentrifuge tube, 
isopropanol was used to precipitate the DNA, which was then pelleted by centrifugation, 
washed with 70% ethanol, and finally suspended in TE buffer. After resuspension, the 
DNA isolated from the gut macerations of a single replicate was combined into 4 
subsamples. Since each treatment group consisted of five wood-fed termite samples 
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(jars), there were a total of 20 DNA subsamples per treatment group. Concentration of the 
subsamples was measured on a NanoDrop™ spectrophotometer (Table C.1) and was 
separated by size using agarose gel electrophoresis. Genomic DNA concentration was 
within range of 2.6 – 140 ng/µL, with an approximate size of 500 bp. 
 Library preparation and sequencing 4.3.4
The strategy for library preparation consisted of (i) amplification of the V3 and 
V4 region of 16S rRNA gene using previously reported primers31 with Illumina adapter 
overhangs nucleotide sequences added to the 5’ end of the primers, (ii) tagging of each 
PCR subsample with sequencing adapters using Nextera XT Index 1 and 2 Primers 
(Illumina, San Diego, CA). The 16S primer pair with adapter sequences in lowercase and 
bolded were: (i):  forward primer, 5’-
tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG-3’; and (ii): reverse 
primer, 5’-gtctcgtgggctcggagatgtgtataagagacagGACTACHVGGGTATCTAATCC-3’. 
The pooled DNA subsamples were diluted to a final concentration of 5 ng/µL, and the 
16S ribosomal RNA gene region was amplified using the primers above reported 
previously 51, to which KAPA Hi Fi polymerase ReadyMix (Illumina, San Diego, CA) 
was added. The following PCR program was used to perform the 16S amplification: 
95°C for 3 minutes, then 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 
72°C for 30 seconds, then a final extension step of 72°C for 5 minutes. The PCR products 
were separated by size using agarose gel electrophoresis (Figure D.1) and purified using 
Agencourt AMPure XP magnetic beads (Beckman Coulter). The following protocol was 
followed for all PCR purifications in this study: (1) Ampure XP beads were brought to 
room temperature and vortexed for homogeneity; (2) 20μl of AMPure XP beads were 
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added to each amplicon PCR sample and mixed by pipetting the entire volume up and 
down 10 times; (3) samples were incubated at room temperature without shaking for 5 
minutes; (4) samples were placed on a magnetic stand (Sigma Aldrich, St. Louis, MO ) 
until the supernatant has cleared; (5) the supernatant was discarded and the beads covered 
with freshly prepared 80% ethanol; (6) the 80% ethanol/sample solution was incubated 
on the magnetic stand for 30 seconds at room temperature, after which the ethanol 
supernatant was discarded; (7) the previous two steps were repeated; (8) excess ethanol 
supernatant was removed with a fine-tip pipette and the final traces of ethanol were left to 
evaporate at room temperature for 15 mins; (9) 52.5μl of 10 mM Tris-Cl buffer (pH 8.5) 
was added to the dried beads and mixed by pipetting the entire volume up and down 10 
times; (10) mixed samples were incubated at room temperature for 2 minutes, then placed 
on the magnetic stand until the supernatant has cleared; (11) 50μl of the supernatant from 
the samples was transferred to a new 1.5ml microcentrifuge tubes.  A unique combination 
of Nextera XT Index Primer 1 (5 µL) and Nextera XT Index Primer 2 (5 μL) and KAPA 
Hi Fi polymerase ReadyMix (25 µL) was added to each sample. To tag each purified 
PCR sample with Nextera indices, an index PCR program was setup as follows: 95°C for 
3 minutes, then 8 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 
seconds, with a final extension step of 72°C for 5 minutes.  
Indexed libraries were purified following the same magnetic beads purification 
protocols described in steps i – ix, with slight changes: in step (ii), 56μl of AMPure XP 
beads were added to each indexed PCR sample, and in step 9 , 27.5μl of 10 mM Tris pH 
8.5 was added to the dried beads. All 80 indexed samples were analyzed on a Bioanalyzer 
DNA 1000 chip (Agilent, Santa Clara, CA) to verify the size (expected size of ~ 630 bp). 
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Qubit® 1.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA) was used to quantify 
the library (Table D.1). All libraries were diluted to a final concentration of 4 nM using 
10 mM Tris (pH 8.5). 5 μL of diluted DNA from each library was pooled into a single 
tube for Illumina MiSeq sequencing. Amplicon library size estimation, quantification, 
and sequencing were performed by personnel at the Institute for Genomics, 
Biocomputing and Biotechnology at Mississippi State University.  
 Sequence analysis and taxonomic classification 4.3.5
Raw sequence reads data were initially screened and filtered using Illumina 
BaseSpace 16S Metagenomics App (Figure 4.3). Filtered MiSeq amplicon reads were 
deposited in the NCBI Sequence Read Archive (SRA) under the accession number 
SRP116634. BaseSpace uses an Illumina-curated version of the Greengenes Consortium 
Database (May 2013 release)52 for taxonomic classification. Statistics for abundance 
(hits) are calculated according to sample and treatment groups. Output files from 
BaseSpace app are given in two formats: as Excel spreadsheet format showing abundance 
(hits) of identified microbes per sample and aggregate, and as Txt.gz compressed files 
giving reads for each sample. Abundance results were analyzed through Principal 
Component Analysis (PCA) upon data normalization using Unscrambler® (CAMO, 
Oslo, Norway) in order to compare overall differences in bacterial species among sample 
groups, while Statistical Analysis Software (SAS Institute Cary, NC) was used to perform 
MANOVA (Multiple Analysis of Variance) and Tukey analysis to compare abundance 
among the sample groups for each species separately. Shapiro–Wilk test showed 
normality of the sample groups data of the sample groups. A Venn diagram was 
constructed accounting all species with a minimum of 10 hits, to display abundance of 
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common bacterial species among different treatments. To identify bacterial species found 
uniquely within each treatment group and combination groups (Chitosan only; CTW and 
WTW_E; Water only: WTW and WTW_E; Environment exposed: CTW_E and 
WTW_E; Environment not exposed: CTW and WTW), a more stringent sampling level 
of at least 40 sequences per identified species was utilized. 
Considering that Greengenes database used by BaseSpace has not been updated 
since 2013, the total reads were also imported into mothur ver. 1.39.553 and the sequences 
were analyzed following the Schloss standard operating procedure54 with minor 
modifications. Using the screen.seqs command, the maximum sequence length cut-off 
was changed to 630 bp. Using the unique.seqs command, unique sequences were selected 
from total sequences and aligned to E. coli 16S rRNA gene by pcr.seqs command in 
order to create a reference sequence. Align.seqs was used to align the unique sequences 
to SILVA reference database and a second screen.seq command was used to select 
sequences whose start and end positions are within position 2 and 17012 according to the 
reference sequence alignment. Using a 0.03 (3%) cutoff level for dissimilarity, genus-
level operational taxonomic units (OTUs) were assigned. A Venn diagram was 
constructed at a sampling level of at least 2 reads per OTU, to display common OTUs 
among different treatments. To identify OTUs found uniquely within each treatment 
group and combination groups (Chitosan only; CTW and WTW_E; Water only: WTW 
and WTW_E; Environment exposed: CTW_E and WTW_E; Environment not exposed: 
CTW and WTW), a more stringent sampling level of at least 10 reads per OTU was 
utilized. mothur’s classify.otu command was used to assign consensus taxonomy to 
OTUs. Chao Richness55, 56, Jackknife Richness57, Shannon Diversity58, Inverse Simpson 
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Diversity59 and Shannon Evenness were calculated using mothur. A heatmap of the 50 
most represented OTUs was generated with the R software using hierarchical clustering 
algorithms60-62 with a dendrogram built using complete linkage method with Euclidean 
distance measure.  
 




 Species identification of subterranean termites 4.4.1
Using the termite identification guide, the termites were identified as 
Reticulitermes flavipes. The mandibles of the termite soldiers collected from the same 
colony were curving inward close to 90° (Figure 4.4) and the size of the soldier was the 
largest in the Reticulitermes spp. Also, comparison of the consensus sequences from the 
alignment against NCBI-nr nucleotide database confirmed that the termites were 


















 Representative termite soldier of colony used (Picture by T. Telmadarrehei) Figure 4.4
 
 Analysis of termites gut microbial diversity via Illumina BaseSpace  4.4.2
A total of 8,337,388 million MiSeq reads were generated from all samples with a 
range of 28 – 67 thousand (K) reads per sample post filtering. Approximately 26% of 
total reads were from CTW samples group, 27% from CTW-E, 20% from WTW, and 
26% from WTW-E sample group. 
Taxonomic classification was performed using an Illumina-modified RDP Naïve 
Bayes taxonomic classification algorithm. The majority of the reads, 8,177,613 million 
reads was assigned to the bacteria kingdom (98%), 25,233 reads to the Archaea kingdom 
(0.3%) and 134,356 reads (1.6%) were unknown at the kingdom level. Moreover, 93% of 
all reads where classified to a phylum, 87% to the class level, 82% to an order, 75% to a 
family, 70% to a genus and 36% to the species level. The reads were further categorized 
into 26 bacterial phyla, 55 classes, 113 orders, 696 genera and 1702 species. Most 
represented phyla included Firmicutes (29%), Bacteroidetes (27%), Proteobacteria 
(19%), Actinobacteria (8%), Thermotogae (7%), Spirochaetes (6%), Synergistetes (1%) 
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and Verrucomicrobia (1%) (Figure 4.5). Other lower abundance phyla included 
Cyanobacteria, Tenericutes, Chloroflexi, Nitrospirae, Thermi, Acidobacteria, 
Elusimicrobia, Planctomycetes, Thermodesulfobacteria, Deferribacteres, Fusobacteria, 
Chlorobi, Chrysiogenete, Chlamydiae, Caldithrix, Fibrobacteres, Caldiserica,and  
Armatimonadetes. Archaeal reads were assigned to two phyla (Euryarchaeota and 
Crenarchaeota), 5 classes, 5 orders, 5 families, 11 genera and 20 species. Bacterial taxa 
composition by treatment group is displayed in appendix E. 
 
 Observed diversity of the bacterial community in R. flavipes gut using Figure 4.5
Illumina BaseSpace software 
 
Analyzing BaseSpace results at the species level reveals 748 species were 




















species. Forty-six species were unique to CTW samples and five were unique to CTW_E 
samples (Figure 4.6). At the sampling level used (≥ 10 sequences per species; n = 967), 
no bacterial species were found to be exclusively unique to WTW or WTW_E sample 
groups.  
 






 Taxonomic classification and abundance of bacteria species found Table 4.2
exclusively within CTW group (n = 648) 
Size 
(# of sequences) Genus Species 
Chitosanase 
activity 
41 Chryseobacterium Chryseobacterium greenlandense Not known 
44 Acinetobacter Acinetobacter marinus Not known 
46 Stenotrophomonas Stenotrophomonas terrae Not known 
50 Mycobacterium Mycobacterium heraklionense Not known 
83 Paenibacillus Paenibacillus cellulosilyticus Not known 
111 Stenotrophomonas Stenotrophomonas geniculata Not known 
520 Haloanella Haloanella gallinarum Not known 
579 Myxococcus Myxococcus fulvus Not known 
1527 Serratia Serratia marcescens 3 
1611 Mycobacterium Mycobacterium salmoniphilum Not known 
1613 Acinetobacter Acinetobacter gyllenbergii Not known 
1661 Enterococcus Enterococcus mundtii Not known 
2514 Mycobacterium Mycobacterium abscessus Not known 
14965 Acetobacter Acetobacter pasteurianus Not known 
 
Using a more stringent sample level of at least 40 sequences per identified 
species, 14 bacterial species were identified only in CTW (Table 4.2). 
In addition to finding unique presence of bacteria species in treatment groups, 
principal components analysis (PCA) of sample reads showed clear differences among 
treatment groups in abundance of the species (Figure 4.7A). Chitosan-treated samples 
unexposed to the environment (CTW) were differentiated from the other samples by PC1, 
and they were characterized by a high number of Dysgonomonas gadei and Lactococcus 
raffinolactis species (Figure 4.7B). This finding suggests that chitosan treatment plays a 
role in the composition, and size of bacterial population residing in the termite gut. 
Although there was no difference between the chitosan-treated samples exposed to the 
environment and untreated sample groups, the difference between water treated samples 
exposed and unexposed to the environment was elucidated through PC2, by D. gadei, L. 
raffinolactis, Dysgonomonas wimpennyi, Johnsonella ignava and Marinitoga 
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okinawensis being more distinctive in control samples unexposed to the environment 
(Figure 4.7B; blue oval). 
 
 PCA scores and loadings of sequence data (species level) Figure 4.7
 
As PCA overall reveals the most prominent differences among the sample groups, 
and therefore accentuates the most abundant bacterial species, MANOVA was run to test 
differences among treatment groups regardless of their abundance in comparison to the 
other species. MANOVA results elucidated that abundance of phylum Proteobacteria, 
Actinobacteria, Spirochaetes, Synergistetes and Verrucomicrobia were significantly 
affected by chitosan treatment (Figure 4.8). Phylum Synergistetes abundance was 
significantly increased in CTW sample group compared to other sample groups, while 
phylum Actinobacteria abundance was significantly higher in CTW_E sample group 
compared to the remaining groups. Bacteria abundance in phylum Proteobacteria and 




abundance in WTW sample group. As for phylum Verrucomicrobia, Bacteria abundance 
significantly higher in environment-exposed sample groups compared to non-exposed 
groups. 
 
 Observed diversity of the bacterial phyla sequencing reads in R. flavipes Figure 4.8
gut by treatment group; Averages represented with Standard error bars (n= 
5). Phylum with g above bars are significantly different (p = 0.05) between 
treatment groups 
 
 Analysis of termite gut microbial diversity via mothur 4.4.3
Sequence analysis using mothur, revealed in total 741,926 sequences, of which 
658,337 were unique sequences. A total of 2512 OTUs (genus level) were obtained from 
the total sequence data (Table 4.3). Out of 2512 OTUs, 1403 OTUs were classified into 





























 Species richness and diversity calculations for bacterial OTUs observed in Table 4.3


















79549 2512 97.7 15246 14081.8 4.63 32.0 0.59 
INV = Inverse 
 
For the total sequence data, mothur’s Chao1 and Jackknife richness estimators 
predicted the presence of over 15,000 and 14,000 bacterial OTUs at the 0.03 distance 
level, respectively (Table 4.3). A diversity value of 4.63 was obtained using the Shannon 
diversity index and a value of 32 using the inverse Simpson index.  Shannon index-based 
measure of evenness estimated a 59% evenness of bacterial diversity.  
For the sequence data analysis per sequence group, 738 OTUs were assigned to 
WTW sample group, 1058 OTUs to WTW_E, 880 OTUs to CTW and 943 OTUs to 
CTW_E sample group.  Mothur’s Chao1 and Jackknife richness estimators predicted the 
presence of between 4595 – 13230 OTUs for CTW sample group, 2269 – 3838 OTUs for 
WTW sample group, 2717 – 2813 OTUs for CTW_E sample group and 2962 – 4101 
OTUs for WTW_E sample group (Table 4.4). Shannon diversity value ranged from 4.05 
– 4.64, with WTW_E sample group obtaining the largest diversity value (4.64). Shannon 
index-based measure of evenness predicted a range of 60 – 67% community evenness 
























CTW 880 96.3 4595 13230 4.45 34.6 0.65 
WTW 738 97.1 2267 3838 4.05 20.9 0.61 
CTW_E 943 97.9 2813 2717 4.111 21.6 0.60 
WTW_E 1058 97.1 2952 4101 4.64 33.1 0.67 
INV = Inverse 
 
Rarefaction curves based on observed richness in each group failed to reach an 
asymptote at the 0.03 distance level (Figure 4.9). This reveals an inadequate sampling 
effort for 16S rRNA genes, and a deeper sampling may have resulted in identification of 
lower abundance bacteria groups. Approximately 80% of all OTUs detected were low in 
abundance (< 5 sequences), though they only accounted for less than 5% of total reads. 
 
 Rarefaction curves of bacteria OTUs obtained per sample group from the Figure 4.9
gut of R. flavipes at 0.03 distance level. 




















Unlike the analysis through BaseSpace, mothur revealed a total of 15 bacteria 
phyla with the most prevalent phylum by number of assigned reads being Bacteroidetes 
(34.4% of total reads), followed by Firmicutes (24.4%), Elusimicrobia (18.4%), 
Proteobacteria (6.89%), Actinobacteria (4.23%), Spirochaetes (3.26%), candidate phylum 
TM7 (2.19%), Synergestes (1.3%), Verrucomicrobia (0.59%) and others (0.3%). 
Firmicutes had a total of 528 OTUs, Bacteroidetes 332 OTUs Proteobacteria 209 OTUs, 
Spirochaetes 112 OTUs, Actinobacteria 62 OTUs, Elusimicrobia 46 OTUs, 
Verrucomicrobia 48 OTUs, and candidate phylum TM7 33 OTUs. Other lower 
abundance phyla in terms of number of OTUs include candidate phylum SR1, 
Synergistetes, Planctomycetes, Deffribacteres, Acidobacteria, Chlorobi, and Chlamydiae. 
Surprisingly, approximately 4.54% of total reads assigned to 1109 OTUs could not be 
associated with a definite bacterial phylum (Figure 4.10).  
 



















Although the most represented phylum by number of reads is Bacteroidetes and 
the richest phylum in terms of OTUs is Firmicutes (517), the most diverse phylum is 
actually phylum Proteobacteria, representing 27 families and 36 genera (Figure 4.11).  
 
 Diversity of observed bacterial phyla by number of families and genera Figure 4.11
represented 
 
Shared OTUs between the groups are displayed in Figure 4.12 with 160 OTUs 
found in all sample groups, 42 OTUs found only in WTW and WTW_E sample groups, 
16 OTUs found only in CTW and CTW_E groups, 68 OTUs found in WTW_E and 




















 Venn diagram of shared bacterial OTUs consisting of at least 2 sequence Figure 4.12
reads (n=667) among different treatments 
 
At a more stringent criterion, 10 sequences per OTU, 24 OTUs were exclusively present 
in chitosan-treated wood exposed samples (CTW). The majority of these OTUs belong to 
the phyla Proteobacteria and Bacteroidetes, while phylum Firmicutes was present in 
minority (Table 4.5). As for environment-exposed samples (CTW_E and WTW_E), the 
bulk of the unique OTUs belong to phylum Firmicutes, which was also the case of water-
treated samples (WTW and WTW_E), as shown in Appendix Table D.3. An OTU 
assigned to phylum Proteobacteria (class: Betaproteobacteria; order: Rhodocyclaceae) 
with 32 sequences was uniquely present in the CTW_E sample group. As for the 
WTW_E sample group, there were 4 unique OTUs assigned, 3 for phylum Firmicutes 
and one Proteobacteria phylum. There were no unique OTUs for the WTW group at the 
sampling level of at least 10 sequences per OTU. Classification of bacteria OTUs found 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Correlation of treatment groups, according to the 50 largest OTUs is displayed in 
Figure 4.13. CTW sample group is the outgroup, and WTW and WTW_E are sharing a 
common origin (node), signifying a close relationship compared to the other groups. 
OTUs assigned to Phyla Bacteroidetes, Elusimicrobia, and Firmicutes, all showed higher 
variations in their relative abundance between treatment groups, while OTUs assigned to 
Phyla Proteobacteria, Bacteroidetes, Synergistetes and Firmicutes, showed much lower 
variations in their relative abundance (Figure 4.13). 
 
 Heatmap displaying relative abundances of the 50 most represented OTUs Figure 4.13
among treatment groups and the correlation of treatment groups. Red 




The number of OTUs assigned to several bacterial phyla varied significantly (p 
=0.05) between the treatment groups (Figure 4.14), when analyzed by MANOVA. The 
largest number of Proteobacteria, 114 OTUs were assigned to CTW group, 81 to 
CTW_E, 79 to WTW_E, and 47 to WTW. In contrast, number of Candidate Phylum TM7 
OTUs was reduced in CTW samples (7 OTUs), while significantly higher in the other 
treatment groups, 19 in CTW_E, 19 in WTW and 25 OTUs, in WTW_E sample groups. 
Phylum Firmicutes were the highest in environmental exposed samples, CTW_E and 
WTW_E, with 250 and 319 OTUs, respectively. Firmicutes were, on the other hand, 
vastly reduced in non-environmental exposed samples, CTW and WTW, with 155 and 
176 OTUs, respectively. Phyla Bacteroidetes, Spirochaetes, Verrucomicrobia, and 
Elusimicrobia observed number of OTUs were fairly similar across treatment groups 
(Figure 4.14). 
 
 Observed diversity of the bacterial phyla OTUs in R. flavipes gut by sample Figure 4.14
group; Averages represented with standard error bars (n= 5). Phylum with 


























When comparing number of unique OTUs among only environment exposed and 
unexposed samples of the same treatment, there is a significant difference (p=0.05) for 
several bacterial phyla. In case of chitosan treatment, CTW_E OTUs for Proteobacteria 
were significantly increased when compared to non-exposed counterpart. Conversely, 
phyla Firmicutes, Actinobacteria, Verrucomicrobia, and Candidate Phylum TM7 were all 
significantly increased in CTW samples. As for the comparison of the water-treated 
sample groups (WTW_E and WTW), OTUs belonging to phyla Firmicutes, TM7 and 
Proteobacteria were significantly increased in environmentally exposed samples. All 
other phyla showed no significant difference between the two groups.  
 Discussion 4.5
The termite gut contains an amalgam of microbial organisms that incorporates a 
complex community of eukaryotic protists and prokaryotic bacteria and archaea. The 
ecology of the termite gut was first explored by Cleveland in 192363, and has since led to 
insightful discoveries about the fascinating symbiotic relationships in the gut. After 
Cleveland’s pioneering study, subsequent endeavors have provided more detailed 
information about the nature of microbes in the termite gut4, 6. The described symbiosis 
between the host termite and its gut microbial communities makes the termites’ gut 
system one of the world’s most efficient biomass decomposers. From the pulverizing of 
lignocellulosic material into fragments by the termite crop and gizzard, to endogenous 
enzymes modifications of these fragments in the midgut, and the major fragment 
breakdown and nutrient absorption by the microbes in the termite hindgut, the system is 
highly efficient, however, the exact contribution of the bacterial community in lower 
termites is still much unclear64, 65. 
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In this study, the Illumina MiSeq sequencing platform was used to outline the 
prokaryotic gut community of the subterranean termite R. flavipes. Four hundred termite 
hindguts for each treatment group was processed for sequencing, hence a total of 1600 
termites were utilized. Approximately 8.3 million reads were generated from all samples 
with a range of 28 – 67 thousand (k) reads per sample. The high variation in reads per 
sample may have been caused by unequal concentration of DNA samples used for 
sequencing. It has been also postulated that the low complexity of the 16S rRNA gene 
may significantly reduce the number and quality of reads generated54. 
The bacterial gut community analysis using Illumina BaseSpace revealed 26 
bacterial phyla, 696 bacterial genera, and 1702 bacteria species. In this study, 93% of all 
sequences were classified to a phylum, 88% to a class, 82% to an order, 75% to a family, 
70% a genus and 37% of all sequences to the species level. There may be between 84 and 
1481 putative bacterial and archaeal phyla in the Silva rRNA database depending upon 
the detection algorithm used66, but only 52 bacterial (including candidate) phyla have 
been identified thus far67. Therefore, some of the data collected herein may have not been 
classifiable due to unavailability of information in the database. Bacteroidetes, Firmicutes 
and Proteobacteria were the most prevalent phyla in the total sequence data, and within 
all treatment groups. Together, they made up approximately 2/3 of the total bacterial 
population. Spirochaetes, Thermotogae and Actinobacteria also appeared in all of the 
treatment groups. The identification of phyla Thermotogae in this study using the 
BaseSpace program and Greengenes database may be considered a program anomaly, 
due to the non-replicability of its identification using other 16S rRNA sequence databases 
including, SILVA68, ARB69, and NCBI-nr nucleotide database48.  
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Within the subterranean termite family, Rhinotermitidae, the most frequent 
bacterial phyla vary between Bacteroidetes, Firmicutes and Spirochaetia30, 33, 70, 71. 
Bacteroidetes is the dominant phylum observed in this study, similar to other previous 
studies71, 33. Genus Dysgonomonas accounted for approximately 29% of all reads 
assigned to the Bacteroidetes phyla, with D. gadei being the most prevalent species. 
Members of the phyla Firmicutes was the second most prevalent group in this study, with 
genus Lactococcus accounting for ~11% of the identified members.  
Phylum Proteobacteria  presented 19% of total reads, and genus Acinetobacter of 
the Gammaproteobacteria was the most dominant of the group. Acinetobacter 
tjernbergiae was the most prevalent Proteobacteria species. A. tjernbergiae is a strictly 
aerobic Gram-negative, bacterium isolated from activated sludge72.  
Using mothur’s Chao1 and Jackknife richness estimators, rarefaction analysis 
suggests that there could be over 14,000 bacterial OTUs. This estimate is vastly larger 
than previous calculations31, but reads analyzed in this study were also much larger than 
those in previous studies. The increased sample size of termite guts sequenced could have 
possibly increased the estimated abundance of OTUs and the use of cloning and culture-
independent methods eliminated the risks of identification bias in this study.  
Using SILVA reference files for alignment and taxonomic classification, all reads 
were classified to the bacterial domain. Some 407 (14 OTUs) unclassified bacterial reads 
were recognized as Archaea, phylum Euryarcheaota, when screened against NCBI 
nucleotide database48 (data not shown). These ratios are comparable to previously 
reported diversity of termite gut prokaryotic community31, 73. Bacteroidetes is clearly the 
dominant phylum, representing 34.0% of all reads with 66% of all its OTUs in class 
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Bacteroidia, and 27% unclassified at class level; Sphingobacterium and Flavobacteria 
were minor classes in phylum Bacteroidetes. Phylum Firmicutes was the second most 
abundant phylum, with 24.4% of total reads, 60% of all its OTUs are in class Clostridia, 
24% in Bacilli, and 15% unclassified at class level, followed by phylum Elusimicrobia, 
which accounted for 18.8% of all reads, and essentially all of its OTUs (98%) were 
classified to class Elusimicrobia and 1 OTU was unclassified at the class level. Although 
these ratios are similar to results obtained from previous studies, where Elusimicrobia 
have been found in larger proportions28, 74, the abundance of Spirochaetes (3.26% of total 
reads, 4.46% of all clustered OTUs) observed in this study are vastly lower compared to 
previous reports70, 75-78. Nonetheless, the most prevalent phyla represented in the termite 
gut remained consistent with previous studies; Spirochaetes, Firmicutes, Bacteroidetes, 
Proteobacteria, Actinobacteria, and Elusimicrobia have consistently been shown to be the 
most abundant bacterial phyla in R. flavipes30, 79, 80. 
Approximately 56% of all clustered OTUs were assigned to 15 bacterial phyla, 
while the remainder was unclassified at the phylum level. The represented bacterial 
phyla, of 2512 observed OTUs, included Firmicutes (528 OTUs), followed by 
Bacteroidetes (332 OTUs), Proteobacteria (209 OTUs), Spirochaetes (112 OTUs), 
Actinobacteria (62 OTUs), Verrucomicrobia (48 OTUs), Elusimicrobia (46 OTUs), 
candidate phylum TM7 (33 OTUs), and others (37 OTUs).  
The chitosan treatment showed to have an effect on the composition of the 
bacterial community. Analysis through BaseSpace identified several species unique to the 
CTW sample group. In the case of mothur analysis, multiple genus-level OTUs were also 
found to belong uniquely in the CTW sample group. Curiously, taxa already known to 
 
78 
contain chitosanase producing bacterial species were all clustered into this group (Table 
3). These includes Serratia (n = 144 reads), Bacillus (n = 36 reads), Acinetobacter (n = 
79 reads), and Sphingobacterium (n= 49 reads)81-84. The most prevalent OTU in this 
category was categorized to genus Dysgonomonas (n = 507; n = 271), although this taxon 
has no confirmed chitosanase producing species. Dysgonomonas gadei, the type species 
for genus Dysgonomonas, is a non-motile, strict anaerobe, Gram-negative coccobacilli 
with no known habitat, recovered from a human infected gall bladder in Norway85. D. 
gadei has been shown to possess acetylene reduction activity, a process important in 
nitrogen fixation86. Similarly, genus Lactovum (n= 84), which currently contains one 
single classified species, Lactovum miscens88, was found uniquely within this group. This 
species is a non-motile, Gram-positive, anaerobe isolated from an acidic forest floor, and 
is known to metabolize glucosamine and N-acetylglucosamine87, the major monomeric 
sugars in chitosan. Several other bacterial genera including, Symbiothrix, 
Stenotrophomona, Elizabethkingia, Raoultella, Stenoxybacte, Clostridium_XI Va, 
Mycobacterium, Desulfovibrio, and Soonwooa were found uniquely in CTW samples. 
While none of the taxa are known to contain chitosanase producing enzymes, they are 
certainly deserving of further investigation into their chitosan breakdown properties. 
As for the effect of environment on gut bacterial composition, the differences in 
bacterial abundance diminish upon exposure to the environment. We suspect that the 
reason for this is the leaching of chitosan from wood samples over the period of 13 
weeks, as chitosan does not fix to wood and leaches under the conditions of AWPA E11 
procedure, as shown in a previous work88. Although differences in bacteria abundance 
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between WTW samples and WTW_E samples were statistically significant (p = 0.05), 
there was no unique bacterial taxa in either group. 
 Conclusions 4.6
In summary, sequencing of 16S rRNA amplicons from the gut of R. flavipes 
generated approximately 8.37 million reads. A potential miscalculation in DNA sample 
concentration used for sequencing may have caused the overall lower number of total 
reads and a high variation between the samples reads. The bacteria community consisted 
predominantly of bacteria from Firmicutes, Bacteroidetes and Proteobacteria phyla, 
representing two-thirds of the sequence data, when using the Greengenes based Illumina 
BaseSpace program. Bacteroidetes, Firmicutes and Elusimicrobia predominated when 
analyzing using SILVA based mothur. While several bacterial taxa where common to 
both methods, anomalies detected using the BaseSpace software suggest SILVA based 
mothur was more reliable for microbial data analysis.   
The overall composition of the termite gut bacterial community was affected by 
treatment and several bacterial phyla showed significantly higher abundance between 
CTW group and other treatment groups. Diet effect on bacterial community diversity and 
frequency was observable at the phyla, genus and species level. Environmental exposure 
of chitosan-treated wood seemed to leach chitosan, thus no difference between water-
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ANALYSIS OF CHITOSANASE ACTIVITY IN LACTOCOCCUS LACTIS, 
LACTOCOCCUS RAFFINOLACTIS, AND DYSGONOMONAS GADEI 
 Abstract 5.1
Three bacterial species found through metagenomics analysis in higher amounts 
in termites fed on chitosan-treated wood, Lactococcus raffinolactis, Lactococcus lactis, 
and Dysgonomonas gadei, were analyzed for their chitosan breakdown ability. Organisms 
were cultured on chitosan-amended agar for visualization of clear zones, and in chitosan-
amended liquid media for production of chitosanase. Multiple chitosanolytic activity 
assay methods were followed, including screening against chitosan media, zymography, 
and dinitrosalicylic acid reagent method. Results suggested none of the three bacterial 
species possess chitosanolytic abilities.   
 Introduction 5.2
Two classes of chitosanases exist in the literature as classififed Enzyme 
Nomenclature Committee (EC). Chitosan N-acetylglucosaminohydrolases (EC 3.2.1.132) 
secrete enzymes that perform hydrolysis of ß-1,4-linkages between D-glucosamine 
residues in chitosan from the reducing end. A second class of chitosanases, exo-ß-D-
glucosaminidases (EC3.2.1.165) hydrolyzes chitosan from its non-reducing end. The first 
observed evidence of chitosanolytic activity was detected when cell walls of the fungus 
Mucor rouxii were partially degraded by an enzymatic mixture purified from 
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Streptomyces sp1, but the full description of the novel class of chitosanase enzymes was 
performed afterwards2. Since its initial discovery, a plethora of organisms that produce 
chitosanases have been identified3. 
Chitosanase produced by microbes serve a role in breakdown of substrates for 
production of nutrients3, 4. Some bacterial species with confirmed chitosanase production 
include Bacillus circulans, Sphingobacterium Multivorum, Burkholderia gladioli, 
Sphingomonas sp., Mitsuria chitosanitabida, Serratia marcescens, Acinetobacter sp., and 
Bacillus sp. Chitosanases of fungal origin are involved in lysis and modifications of 
fungal cell wall5. Some plant species have also been discovered to secrete chitosanase for 
protection against plant-pathogenic fungi by degradation of chitosan in fungal cell walls, 
resulting in fungal growth inhibition or death. 
Chitosan oligosaccharides (COS) are the end products of hydrolysis of chitosan, 
and they are important in biotechnology applications such as wound dressing6, drug 
delivery7, antibacterial8, and antifungal uses9-11. Enzymatic hydrolysis of chitosan has 
been shown to be more effective than chemical hydrolysis due to the mild reaction 
conditions and no side reactions yielding other monosaccharides12, 13. COS usually have a 
molecular weight of < 10 kDa, which allows for their solubility in water and therefore 
more biotechnological applications13, 14. 
The interest surrounding chitosan and chitosanase research is due to vast amount 
of chitinous waste produced worldwide15, 16. The convenience of readily available raw 
materials needed for mass scale production of chitosan and COS encourages further 
research into the conversion of chitinous waste into value added products. Therefore the 
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discovery of bacterial species, capable of efficiently producing COS via enzymatic 
hydrolysis is essential. 
In this study, three bacteria species, Lactococcus raffinolactis, Lactococcus lactis, 
and Dysgonomonas gadei, were investigated for chitosanolytic activity.  
 Materials and Methods 5.3
Bacterial species were cultured on chitosan amended agar and chitosan broth 
media.  These are the basic activity assays for detection of chitosan breakdown through 
appearance of clear zones on agar plates and zymogram of supernatant from broth 
cultures. In addition, the supernatant of the liquid cultures was also tested for breakdown 
of the sugar through DNS method. 
 Bacterial strains and culture media 5.3.1
Lactococcus raffinolactis (ATCC 43920™), Lactococcus lactis (ATCC 13675™), 
Dysgonomonas gadei (ATCC BAA­286™) and Serratia marcescens (ATCC 13880™) 
were purchased from American Type Culture Collection (ATCC, Manassas VA). S. 
marcescens is a known producer of chitosanase; hence it served as a positive control in 
this study. All organisms were cultured from lyophilized state following manufacturer 
recommended media and conditions. Brain heart infusion media was used for both 
Lactococcus species, tryptic soy media was used for D. gadei and nutrient media for S. 
marcescens. All culture media were purchased from Fisher Scientific (Waltham, MA). 
 Colloidal chitosan preparation 5.3.2
Suspension of colloidal chitosan was prepared as described previously17. Thirty 
grams of low molecular weight chitosan powder (50-190 kDa) purchased from Sigma-
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Aldrich Co. (St. Louis, MO) was dissolved in 1 liter of 0.2 N HCl. The solution was 
adjusted to pH 9.0, using initially 2-N NaOH solution and 0.1 N NaOH solution for fine 
adjustments. A blender was used to agitate and stir the mixture. The precipitates from the 
mixture were washed with water until the pH reached 7.1. The washing step involved 
resuspension of precipitates in distilled water, and then centrifugation for 20 min at 
1,000× g. After attaining neutral pH, the mixture was resuspended in distilled water and 
then titrated to pH 6.2 using 0.1-N HCl. The final concentration of the mixture was 
adjusted to 2% (w/v), and then sterilized using a steam autoclave. 
 Culture conditions 5.3.3
Bacteria organisms were initially inoculated on agar plates at manufacturer 
recommended conditions before sub-culturing them into Erlenmeyer flasks containing 20 
ml of the culture media described above without the addition of agar. The cultures were 
grown for 16 hr at same conditions in an orbital shaker incubator at 130 rpm. These 
cultures were used for the chitosan media inoculation. 
 Induction of chitosanase production 5.3.4
Pre-sterilized colloidal chitosan was aseptically mixed with the appropriate broth 
media to a final concentration of 0.2% (v/v). 1 ml of prepared liquid cultures was 
inoculated into 40 ml of the colloidal chitosan-medium in 100-ml Erlenmeyer flasks. 
These cultures were incubated in an orbital shaker incubator at 130 rpm for 1 - 10 days at 
the manufacturer recommended temperature. Separate cultures were set up for each day. 
Samples were removed from the flasks and cell optical density (OD) was measured at 
600 nm against a blank of culture media. The bacterial cells were pelleted by 
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centrifugation at 1,000 × g for 10 min, after which the supernatant was collected and 
concentrated using 3 kD Macrosep® Advance Centrifugal Filter (Pall laboratory, Port 
Washington, NY). The size of 3kD filters is expected to retain chitosanases above the 
membrane. 
A loopful of prepared liquid cultures in chitosan-amended media (Section 5.3.3) 
was also inoculated on chitosan-agar plates and incubated at manufacturer recommended 
temperature for 48 hours. 
 Zymogram, and chitosanase activity assay 5.3.5
Zymogram analysis was performed on the concentrated supernatant of the flasks 
inoculated for 1 - 10 days following already established protocols18. For gel preparation, 
a standard protocol for native PAGE was followed using 4% stacking gel and 12% (w/v) 
acrylamide resolving gel amended with colloidal chitosan to a final concentration of 
0.1% (1 mg/ml). Twenty µL of concentrated supernatant was mixed with 20 µl of Tris-
Glycine SDS sample buffer (2x) and allowed to stand at room temperature for 10 
minutes. Thirty µL of the mixture was run on the gel. Protein concentration was not 
measured, because the supernatant was an unpurified, crude mixture from bacteria 
cultures.  The gel was run in Tris-Glycine SDS running buffer at 100V until the tracking 
dye reached the bottom of the gel. After the completion of the run, 10x Zymogram 
Renaturation Buffer diluted to 1x (Bio-Rad Laboratories, Hercules, CA) was used to 
incubate the gel at room temperature for 30 minutes. After the Zymogram Renaturation 
Buffer was removed, 100 ml of Zymogram Developing Buffer (Bio-Rad Laboratories, 
Hercules, CA) was added and then incubated at room temperature for 30 minutes. A 
second zymogram developing step was carried out, but incubated overnight at 37°C. The 
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gels were stained using Coomassie Blue R-250 (Bio-Rad Laboratories, Hercules, CA) for 
30 minutes and destained for 6 hours using Coomassie R-250 destaining solution (Bio-
Rad Laboratories, Hercules, CA). Destained gels were visualized under UV light to 
observe clear zones signifying digested chitosan. 
As for chitosanase activity assay, 100 µl of concentrated supernatant from liquid 
cultures was plated on chitosan agar to visualize clear zones. The supernatant was also 
assayed for presence of reducing sugars (N-acetyl-D-glucosamine) following the 
dinitrosalicylic acid reagent (DNS) method19 and activity protocol as detailed 
previously20. 30 µL of concentrated supernatant was mixed with 970 µL of pre-warmed 
(55° C) 1.0% aqueous chitosan (w/v; dissolved in 0.2 M sodium acetate buffer, pH 6.0). 
The reaction mixture was incubated at 55° C for 10 min exactly and then terminated by 
adding 1 ml of DNS reagent. To remove undigested chitosan from the mixture, the 
samples were centrifuged at 12,000 × g for 5 min, the supernatant was removed and 
boiled at 100° C for 5 min, and subsequently cooled on ice. Sample OD was measured at 
540 nm against OD calibration curve of N-acetyl-D-glucosamine (Appendix F) (Fisher 
Scientific, Waltham, MA). One unit of chitosanase was defined as the amount of enzyme 
that released 1 µmol of N-acetyl-D-glucosamine per min under standard assay conditions. 
Media blank, supernatant blank and DNS blank were set up following same protocols. 
 Results and discussion 5.4
 Bacteria culture OD measurements 5.4.1
Optical density (OD) of the bacterial cultures generally increased day to day, 
except for D. gadei, which had almost no increase in absorbance measurements (Table 
5.1).  Absorbance values obtained for S. marcescens where generally higher compared to 
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the other bacteria species. Absorbance values reached a maximum on day 5 and then 
began to decline subsequently through day 9.  
 Cells optical density (OD) of bacterial cultures measured at 600 nm Table 5.1
Bacteria Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 
L. lactis 0.0 -0.2 0.1 0.1 0.3 0.2 0.2 0.3 0.2 0.0 
L. raffinolactis 0.7 0.1 0.4 0.3 0.3 0.4 0.2 0.2 -0.1 0.4 
S. marcescens 1.1 2.1 2.1 2.1 1.8 2.1 1.3 0.6 0.5 0.5 
D. gadei -0.1 -0.2 -0.1 0.1 0.1 0.0 0.0 0.0 -0.7 -0.3 
 
 Screening of bacteria against chitosan agar media 5.4.2
After inoculation of bacteria on chitosan agar, the presence of clear zones was 
observed only for S. marcescens (positive control). Similarly, clear zones in supernatant 
were only visible for the positive control organism (Figure 5.1). 
 
 Clear zones visible on S. marcescens  Figure 5.1
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 Zymogram analysis 5.4.3
As evident from Figure 5.2, only the culture supernatant obtained from S. 
marcescens showed some clearing on the chitosan zymogram, signifying presence of 
extra-cellular proteins or chitosanase in the supernatant. The bands were not visible on 
this image possible due to inadequate camera resolution and or supernatant concentration 
 
 Chitosan zymogram analysis of supernatant from bacteria cultures. Lane Figure 5.2
M: Molecular weight marker. Lane 1: culture supernatant of L. lactis. Lane 
2: culture supernatant of L. raffinolactis. Lane 3 and 4: culture supernatant 
of S. marcescens. 
 
 Chitosanase activity assay 5.4.4
Results obtained using the DNS method for reducing sugars detection were 
questionable, as activity was detected from media controls and supernatant controls after 








blanking with mixture of non-inoculated media and DNS reagent (Table 5.2). This is 
most likely due to the production of other reducing sugars in the culture media by 
enzymes with less-specific activity to chitosan such as, chitinases21, cellulases22, 
hemicellulases23, proteases24, lipases25, and glucanases26. 
 Absorbance of reducing sugars measured at 540 nm for bacterial cultures Table 5.2
Bacteria Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 
L. lactis -0.028 -0.044 0.039 0.152 0.026 0.080 0.056 0.010 0.044 0.027 
L. raffinolactis -0.045 -0.020 0.000 0.050 -0.026 -0.018 -0.028 -0.032 -0.010 -0.015 
S. marcescens -0.036 0.062 0.062 0.062 0.034 0.078 0.015 0.020 0.039 0.051 
D. gadei 0.011 0.011 0.122 0.117 0.115 0.089 0.033 0.081 0.151 0.023 
 
 Conclusions  5.5
This study investigated the potential chitosanolytic activity of three metagenomic 
suggested bacteria species, L. raffinolactis, L. lactis, and D. gadei. No such activities was 
observed for any of three bacterial species, though D. gadei could not be cultured 
properly do the unavailability of proper anaerobic conditions. Due to time constraints, 
protein purification and characterization experiment was not performed; it is hereby 
suggested for future assays of metagenomic suggested bacterial hydrolytic activities, a 
full protein assay, including, protein isolation and purification, activity assay, protein 
characterization, and analysis of hydrolyzed products. It would be prudent to screen these 
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Figure A.1 Assay jars containing chitosan-treated wood samples; 1 = 1% chitosan-
treated wood, 2 = 2% chitosan-treated wood, 3 = 3% chitosan-treated 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table D.1 Qubit measured concentration and BioAnalyzer fragment size estimates of 
indexed libraries 
Sample Qubit (ng/µL) BioAnalyzer (bp) Sample Qubit (ng/µL) BioAnalyzer (bp) 
CTW_E1 13.3 626 WTW1 62.5 601 
CTW_E2 12.5 613 WTW2 80.0 622 
CTW_E3 18.0 619 WTW3 105 623 
CTW_E4 4.54 593 WTW4 115 621 
CTW_E5 20.9 619 WTW5 141 627 
CTW_E6 31.9 620 WTW6 55.0 625 
CTW_E7 143 620 WTW7 148 623 
CTW_E8 44.4 595 WTW8 138 610 
CTW_E9 90.5 593 WTW9 85.5 623 
CTW_E10 60.0 595 WTW10 130 624 
CTW_E11 73.5 617 WTW11 104 625 
CTW_E12 71.0 617 WTW12 48.2 611 
CTW_E13 113 629 WTW13 60.5 600 
CTW_E14 128 626 WTW14 75.5 623 
CTW_E15 115 622 WTW15 103 623 
CTW_E16 90.0 622 WTW16 100 619 
CTW_E17 230 618 WTW17 158 627 
CTW_E18 13.0 620 WTW18 51.5 598 
CTW_E19 18.5 622 WTW19 157 618 
CTW_E20 1.27 609 WTW20 108 592 




Table D.1 (continued) 
Sample Qubit (ng/µL) BioAnalyzer (bp) Sample Qubit (ng/µL) BioAnalyzer (bp) 
WTW_E1 215 589 CTW1 40.0 628 
WTW_E2 158 606 CTW2 66.0 613 
WTW_E3 72.0 620 CTW3 59.0 620 
WTW_E4 136 607 CTW4 112 605 
WTW_E5 106 596 CTW5 46.4 618 
WTW_E6 56.5 606 CTW6 55.0 618 
WTW_E7 109 605 CTW7 38.3 618 
WTW_E8 240 616 CTW8 50.5 619 
WTW_E9 88.0 626 CTW9 31.9 604 
WTW_E10 74.0 615 CTW10 56.5 605 
WTW_E11 93.5 622 CTW11 56.5 618 
WTW_E12 79.5 608 CTW12 85.0 617 
WTW_E13 68.0 620 CTW13 54.0 629 
WTW_E14 83.5 621 CTW14 27.4 613 
WTW_E15 92.0 612 CTW15 5.28 636 
WTW_E16 66.0 598 CTW16 36.6 619 
WTW_E17 82.5 598 CTW17 201 629 
WTW_E18 74.5 610 CTW18 155 629 
WTW_E19 128 620 CTW19 89.5 624 
WTW_E20 150 619 CTW20 43.8 618 












Figure E.1 Observed bacteria phyla diversity of water-treated wood exposed termites,  























Figure E.2 Observed bacteria phyla diversity of chitosan-treated wood exposed 


























Figure E.3 Observed bacteria phyla diversity of termites fed on water-treated, 
























Figure E.4 Observed bacteria phyla diversity of termites fed on chitosan-treated, 


























Figure E.5 Observed bacteria genera diversity of water-treated wood exposed termites, 







































Figure E.6 Observed bacteria genera diversity of chitosan-treated wood exposed 



















































Figure E.7 Observed bacteria genera diversity of termites fed on water-treated, 















































Figure E.8 Observed bacteria genera diversity of termites fed on chitosan-treated, 






































Figure E.9 Observed bacteria species diversity of water-treated wood exposed 














































Figure E.10 Observed bacteria species diversity of chitosan-treated wood exposed 
















































Figure E.11 Observed bacteria species diversity of termites fed on water-treated, 















































Figure E.12 Observed bacteria species diversity of termites fed on chitosan-treated, 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure F.1 N-acetyl-D-glucosamine (Fisher Scientific, Waltham, MA) standard curve 
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